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ABSTRACT OF DISSERTATION

PLASMON ENHANCED SINGLE MOLECULE FLUORESCENCE IN ZERO MODE
WAVEGUIDES (ZMWS)

Plasmonic nanostructures are an extensive research focus due to their ability to
modify the photophysical properties of nearby fluorophores. Surface plasmons (SP),
defined as the collective oscillation of delocalized electrons, are the fundamental
characteristic primarily responsible for altering those photophysical properties. Studying
fluorophores at the single-molecule level has received significant attention since more
specific information can be extracted from single molecule-based studies, which otherwise
could be obscured in ensemble studies. However, single-molecule studies are inherently
challenging because the signal from a single molecule is usually dim, making it difficult to
detect. The situation is even worse in a crowded environment due to higher background
noise, such as cellular autofluorescence, in the case of cell-based studies. Thus, one
possible way out of this single-molecule detection problem is to couple the fluorophore
with a plasmonic nanostructure which can potentially enhance the fluorescence intensity
leading to an improvement in the signal-to-noise ratio.
Throughout the projects presented here, I studied the fluorescence characteristics
of single fluorophore molecules coupled in a plasmonic nano-aperture termed Zero Mode
Waveguides (ZMWs). I utilized single fluorophores of different origins, such as organic
dyes and quantum dots (QDs), in ZMWs of different metallic compositions. By probing
ZMWs made from the mixture of aluminum and gold, with a range of ATTO dyes emitting
across the visible wavelength, we found that the surface plasmon resonance of ZMWs is
tunable by optimizing the metal ratio. Apart from the ATTO dyes, I investigated the
photoluminescence (PL) behavior of single QDs in ZMWs and observed a significant
enhancement in PL intensity and a substantial improvement in the blinking characteristics
of the QDs, which are beneficial for the utility of QDs as a bio-imaging agent or a singlephoton source. Single QDs in ZMWs exhibited a significant enhancement in biexciton
quantum yield, which is crucial for their potential application in lasing, where materials
with a high optical gain are desired. I also examined the fluorescence properties of the

single fluorophores in gold ZMWs in the presence of a gold nanoparticle (AuNP). I
observed a more significant enhancement in fluorescence intensity in the gap between
AuZMW and AuNP compared to the case of only AuZMWs or only AuNPs. The
experimental designs and the resulting findings throughout the three projects presented
here should be a valuable resource for the future development of plasmon-mediated singlemolecule studies.
KEYWORDS: Zero Mode Waveguides, Surface Plasmons, Quantum dots, Single
Molecule, Fluorescence
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INTRODUCTION
1.1
1.1.1

BACKGROUND INFORMATION
Single-molecule fluorescence spectroscopy
Single-molecule fluorescence spectroscopy is an emerging field of research

encompassing physics, chemistry, and biology1-2. The primary reason for its widespread
recognition is that it offers more specific information that might be disguised in ensemble
studies.
While ensemble measurements usually provide a single signal for many molecules,
which is the average response from all of the molecules under study (figure 1.1a), single
molecule-based studies measure the signal from each of those molecules (figure 1.1b-d).
Thus, the distribution of signals stemming from individual molecules should provide more
specific insights into the system than just one signal for all molecules. This phenomenon
is especially important for biomolecules that are inherently heterogenetic in nature. For
instance, enzyme molecules shift among different energy states during their catalytic action
through stochastic processes2-4. Thus, at a particular time point, an enzyme solution might
contain a diverse heterogeneity among those molecules based on their energy states. In
contrast to an indistinguishable average signal in ensemble studies, measuring the signal
from each enzyme molecule should detect those heterogeneities that might appear as
different humps in the signal histogram of the molecules. Similarly, single-molecule
studies enable detecting differences in the catalytical action of individual enzymes5. This
type of heterogeneity is typically termed static heterogeneity6.

1

Figure 1. 1 (a) A simple representation of an ensemble study where a signal from a large
number of species are measured at a time, and the resulted signal corresponds to the average
response of all species (b) A simple representation of a single molecule study where the
signal from a single species is measured at a time, and the responses can be logged
individually.
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On the other hand, biomolecules exhibit enormous dynamic transformations such
as structural changes (protein folding)7-8, continuous interaction with surrounding
molecules (protein-protein9 or receptor-ligand10), or even dynamic motion in space
(movement of motor proteins)11. And in most cases, these dynamic changes are stochastic
and super-fast in the time frame. Thus, it becomes challenging to reliably synchronize the
molecules within those phases required for ensemble measurements6, 12. However, with
advancements in instrumentation and skills, those dynamic changes can be realized at a
single-molecule level. Live monitoring of those single-molecule interactions also enables
detection of transient intermediate steps5, 13, which likely be obscured during ensemble
synchronization. Realizing those advantages, single-molecule fluorescence studies have
been widely used for monitoring the catalytical actions of single enzymes with their
structural changes14, a single molecule-based genomic sequencing15-16, and many more.
Apart from the biological applications, photophysical characterization of single
nanocrystals17 or sensing the biomolecules at a single-molecule level have also been
performed routinely18.
1.1.2

Evolution of single fluorescence techniques
Traditionally, optical microscopes like confocal or total internal reflection (TIRF)

microscopy have been utilized to detect single molecular events19. One reason for their
wide applications includes that these light microscopy techniques are less invasive and
enable single-molecule detection almost at their native state. However, the downside of
these conventional light microscopes is that they use diffraction-limited excitation light.
Thus, the maximum image resolution achievable utilizing those light microscopes depends
on the wavelength of the excitation light, and roughly, the resolution is half of the excitation
3

wavelength2. Therefore, if a 500 nm excitation wavelength is used for imaging, then
molecules residing within 250 nm apart cannot be resolved or distinguished due to the
diffraction limit. The same phenomenon also translates in single-molecule detection from
a solution; due to the diffraction limit, the minimum illumination volume achievable using
a confocal beam is in the femtoliter range20. Thus, to limit the number of molecules in the
observation volume to one, the solution needs to be diluted to a few nanomolar. However,
TIRF is better than confocal microscopy in terms of illumination volume because TIRF
microscopes use an evanescent wave extending ~ 100 nm depth which is technically lower
than the diffraction limit of light in the axial direction. However, the radial dimension of
the illumination is still diffraction limited. Taking advantage of the evanescent nature of
the excitation light, it might be possible to reach the illumination volume down to atto liter
(10-18 L) level in TIRF microscopes21. However, it still limits the maximum concentration
range to a few tens of nanomolar22.
These lower concentration ranges are sometimes problematic, especially in the case
of observing biological functions. For instance, most enzymes require a micromolar (µM)
to millimolar (mM) ligand concentration to accomplish their catalytic function23. That
concentration ranges (µM to mM) are also referred to as the so-called physiologically
relevant concentration because many biomolecules interact at this concentration range23.
Thus, diffraction-limited optical microscopes that can detect a single molecule at
nanomolar (max) level are unsuitable for examining biological actions at physiological
concentration.
Therefore, a reasonable solution to the concentration-related problem or the issues
relevant to a compromised resolution in imaging imposed by the diffraction-limited light
4

might be to find ways to break that diffraction limit. Enormous efforts have been taken in
the scientific community to lower the excitation beam size, leading to the development of
several super-resolution microscopes. Near scanning optical microscope (NSOM) is one
of those super-resolution modalities that create the sub-diffraction limited beam size using
a special probe. The probe is usually made up of metals/dielectrics and consists of a
nanosized opening (~ 50 nm) at one end, and the aperture size is smaller than the excitation
light's wavelength24. The excitation wave traveling through the nano aperture becomes
evanescent. This evanescent wave scans the sample from a very close distance (usually a
few nanometers) to create the image. As the resolution of the resulting image dictates by
the beam size, the resolution of this image should be greater than that produced from
diffraction-limited microscopes25-26. Utilizing the super-resolution capabilities of NSOM,
it has been employed to visualize the nanometric domains of proteins27-28or the distribution
of lipid units on the cell membrane29. Stimulated emission depletion microscopy (STED)
is another super-resolution microscope that uses two laser beams with different
wavelengths to image the sample30. The first diffraction-limited beam excites the
fluorophore to emit fluorescence; subsequently, a second beam is used to suppress a
particular portion of the fluorescence by a process called stimulated emission. In this way,
only the tiny center region of the total fluorescence becomes visible. Shortening the
fluorescence area leads to improved image resolution beyond the original resolution
supposed to impart by the diffraction-limited first beam.
Moreover, by optimizing the size of the masking region, the visible fluorescence
can be tuned to almost any smaller size. STED has been utilized to image cell structures at
nanometer resolution31-32. However, every modality has drawbacks; for instance, both
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NSOM/STED require specialized equipment parts. On the other hand, STED utilizes high
excitation power, which might trigger early photobleaching of the molecules30. The probe
for NSOM is prone to fragility and requires sophisticated equipment to fabricate2. As an
alternative to the modalities mentioned above, nanostructures have a great potential to
break the diffraction limit. The primary reason is that nanostructures can accumulate the
propagating wave from far-field in their nanostructure bodies and create a near field close
to their bodies. The depth of the created near field ranges from few tens of nanometer,
which is lower than the diffraction limit of light33-34. Thus, imaging the molecules in that
near field enables single-molecule detection at their high concentrations34-35.
An additional benefit of nanostructure-based detection involves modifying the
fluorescence behavior of the single molecules near them. Nanostructures can alter the
single molecule's excitation and emission rates, leading to potential improvement in the
signal-to-noise ratio36. An enhanced signal-to-noise ratio should facilitate single-molecule
detection/imaging. Moreover, nanostructure-based experiments do not require specialized
tools. Instead, data acquisition can be easily performed by coupling them with conventional
light microscopes like confocal/TIRF.
1.1.3

Probes for single-molecule fluorescence spectroscopy
Owing to the growing demand for fluorescence techniques in numerous crucial

fields, a diverse range of fluorescent probes have been developed. Commonly used
fluorophores include fluorescent proteins (GFP), organic dyes (Atto/Alexa/cyanine dyes),
and nanocrystals (quantum dots or nitrogen-vacancy center of nano diamonds).

6

Fluorescent proteins (FPs), notably green fluorescent protein (GFP)37, are
genetically programmed fluorescent probes typically used for live-cell imaging. The
primary advantage of FPs includes their specific labeling capability; basically, a genetic
code (DNA sequence) of the FP is coupled with the target molecule’s gene. That genetic
label coupling makes the non-specific labeling highly unlikely. Upon excitation with
suitable light, FPs can emit fluorescence. Additional benefits of FPs comprise their
relatively more biocompatibility and less phototoxicity12. However, FPs are somewhat less
bright38; in addition, they are less photostable12.
Relative to FPs, organic dye molecules are brighter due to their larger extinction
co-efficient. In addition, they are smaller in size, more photostable, and possess broader
absorption and emission range12. All those desirable qualities make them a suitable choice
as single-molecule imaging probes. Typically, dye molecules are coupled with the target
molecules utilizing different chemical linkers; however, sometimes poor linking or
incomplete removal of the unbound dye molecules might induce non-specific labeling12.
Quantum dots (QDs) are semiconductor types of nanocrystals that are typically
brighter and more photostable than organic dye molecules. The optical characteristics of
QDs have been further detailed in section 2.7 of this dissertation.
Nanodiamonds can also emit fluorescence due to a point defect in their lattice
structure. The defect naming “Nitrogen-Vacancy Centers (NVCs) can be excited with
suitable energy, which in return can emanate resonant fluorescence39. Typically, NVCs
have a max of 560 nm for excitation and emit maximum fluorescence at 700 nm12. Some
notable characteristics of NVCs include their superior photostability and almost nonblinking fluorescence40. Thus, NVCs might be a potential fluorescent probe for long time
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observation of cellular events. However, much exploration regarding the surface
passivation techniques is required to link them with the cellular molecules for live singlemolecule imaging.
Therefore, every fluorophore has its unique photophysical and optical
characteristics. However, some of the standard features of the fluorophores desirable for
single-molecule fluorescence studies include high brightness and superior photostability.
Those properties are required to discriminate the single fluorophore’s signal from the
background noises. In addition to the properties mentioned above, the fluorophore’s
biocompatibility, toxicity, or environmental friendliness are also significant concerns
needed to be considered during their utilization for single-molecule fluorescence studies.
One of the efforts to improve the brightness/photostability of fluorophores is to
modify/optimize their physical/chemical structures. Alternatively, nanostructures have the
great potential to alter the photophysical and optical properties of single fluorophores
utilizing their surface plasmon characteristics.
1.1.4

Excitation and emission processes of fluorophores
Although different fluorophores possess some unique properties, the fundamental

excitation and emission processes and the associated rates can be described by the classical
Jablonski diagram (figure 1.2).
When a fluorophore is excited with a light wave having sufficient energy, an
electronic transition of the fluorophore might occur across the energy gradient, i.e., from
lower energy states (S0) to higher energy states (S1). The rate of that transition named the
excitation rate (𝐾𝑒𝑥 ) depends on how efficiently the fluorophore absorbs the excitation
8

Figure 1. 2 An illustration of the Jablonski energy diagram describing the excitation and
emission processes of a fluorophore. Upon excitation of the fluorophore with a suitable
energy source, one of its electrons promotes from the ground state (𝑆0 ) to the excited state
(𝑆1 ) at an excitation rate of (𝐾𝑒𝑥 ). The green arrow represents the excitation process. The
electron in the excited state undergoes quick vibrational relaxation (orange arrow). It
returns to the lowest energy level of the excited state, from where it can relax back to the
ground state through one of the three routes. (1) radiative relaxation pathway (red arrow)
to emit a photon (2) non-radiative relaxation pathway (black arrow) without any photon
emission and (3) the slowest triplet relaxation (purple arrow) via the intersystem crossing
(brown arrow). The radiative, non-radiative, intersystem crossing, and triplet decay rates
are denoted as 𝐾𝑟 , 𝐾𝑛𝑟 , 𝐾𝑖𝑠𝑐 , and 𝐾𝑡 , respectively.
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photons. At low laser fluence, the absorption efficiency of the excitation photons is
primarily dictated by the absorption cross-section of the fluorophore molecule and the
intensity of the laser source. Thus, increasing laser fluence can potentially augment the S0
to S1 process at the unsaturated excitation condition, leading to an improved emission rate.
The electron at the S1 state loses some energy through a fast vibrational relaxation process
inducing a stokes shift and relaxing back to the lowest energy S1 state. The electron from
this S1 state can come back to the S0 state by three competitive decay processes (1) radiative
decay where a photon emission occurs, (2) non-radiative decay, which happens without a
photon emission, and (3) intersystem crossing corresponding to the transition of an electron
to the forbidden triplet state. The decay rates associated with radiative, non-radiative and
intersystem crossing are denoted as, 𝐾𝑟 , 𝐾𝑛𝑟 and 𝐾𝑖𝑠𝑐 , respectively. Transitioning of
electrons to the triplet state makes the fluorophores more reactive, which triggers
permanent photobleaching. However, intrinsic quantum yield () of a fluorophore
determines the relative values of radiative and non-radiative decay rates because  is the
ratio of radiative decay rates over total decay rates, i.e., radiative decay rates and nonradiative decay rate. The expression can be written asQuantum yield,  =

𝐾𝑟
𝐾𝑟 +𝐾𝑛𝑟 +𝐾𝑖𝑠𝑐

Equation 1. 1

On the other hand, the inverse of all the decay rates that depopulate the excited state is
denoted as the fluorescence lifetime of the fluorophore (), which can be expressed asFluorescence lifetime,  =

1
𝐾𝑟 +𝐾𝑛𝑟 +𝐾𝑖𝑠𝑐

Equation 1. 2

Therefore, the fluorescence emission of a fluorophore can be increased by improving both
excitation rates and radiative decay rates.
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1.2
1.2.1

SURFACE PLASMON ENHANCED SINGLE-MOLECULE FLUORESCENCE
(SPEF)
Surface plasmons
Surface plasmons are a unique property of the nanostructures that modifies a

fluorophore's fluorescence characteristics placed in their vicinity. By definition, a surface
plasmon is the collective oscillation of the delocalized electron clouds of a nanomaterial41.
Several materials hold the surface plasmons and therefore capable of altering the
fluorescence properties. The plasmon materials include noble metals and their oxides,
graphene, and semiconductors42. Among them, noble metals are more extensively used for
SPEF because they typically exhibit surface plasmon resonance in the visible to near IR
region41.
Metals contain free moving delocalized electrons which are comparable to plasma
of electron gas. When the light of suitable frequency incidents on the metal nanoparticle,
the time-varying/oscillating electric field (E0) of the incident light applies a force on the
negatively charged electron clouds of the nanoparticle relocating those electron clouds
relative to the positively charged nuclei43 (figure 1.3 a). However, electron clouds tend to
return due to the restoring force originating from their columbic interaction with nuclei44.
This back-and-forth movement of electron clouds, or in other words, oscillation of electron
clouds, is referred to as plasmon/surface plasmon. The charge motions associated with the
fluctuations of electron clouds create an electromagnetic field nearby the nanoparticle. And
the intensity of the resulting electric field is typically higher than the intensity of the
incident light’s electric field (E0)34. Surface plasmons of nanoparticles which dimension is
smaller than excitation light’s wavelength are also called localized surface plasmon (LSP)
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because electric fields creating from the excitation of their surface plasmons cannot
propagate. Instead, it localizes nearby the nanoparticle’s body due to their size limitation44.
On the other hand, electric fields creating from the excitation of surface plasmons
of a thin metal film/surface can propagate in the axial direction due to the larger dimension
of the metal film/surface in this direction43 (figure 1.3b). Therefore, surface plasmons and
associated electromagnetic fields in the metal film/surfaces are referred to as propagative
surface plasmon polariton (SPP)45. When the excitation light’s frequency matches with the
oscillation frequency of the electron clouds, the magnitude of electron oscillation is
significantly increased, and the resulting phenomenon is called surface plasmon resonance
(SPR). Therefore, selecting the excitation wavelength at the SPR of nanostructure results
in maximum enhancement in the induced electric field intensity34. Thus, the fluorophores
placed in proximity to the nanostructure most likely will experience an enhancement in
their excitation intensity. Similarly, the fluorophore in the excited state can also interact
with the surface plasmons of the nanostructure, potentially modifying the radiative decay
rates leading to an improvement in the quantum yield of the fluorophore, therefore, making
the photon emission more probable. Moreover, plasmon-photon interaction can also alter
the radiation pattern of the fluorophores so that a large number of emitted photons from
the fluorophores get directed to a certain angle rather than isotropical distribution of the
emitted photons at all angles. Thus, more photons can get detected by the detection systems
leading to an enhanced emission rate.
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Figure 1. 3 (a) Illustrations for the generation of localized surface plasmons (LSP) in a
metal nanoparticle when light with an oscillating electric field (𝐸0 ) is applied on it. (b)
Illustrations for the generation of propagative surface plasmons (PSP) in a thin metal film
when light with an oscillating electric field (𝐸0 ) is applied on it.
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Therefore, plasmon mediated fluorescence enhancement of a fluorophore near a
nanostructure can be achieved through three contributing factors: (1) Excitation rate
enhancement (exc) of the fluorophore due to high local electric field (2) Improved quantum
yield () of the fluorophore through increased radiative decay rates and (3) Enhanced
collection efficiency (k) of the photons through their directional changes.
1.2.2

Excitation rate enhancement
The excitation rate (Kexc) of a fluorophore near a plasmonic nanostructure can be

expressed by Maxwell equation46Kexc  E. αabs2

Equation 1. 3

Where E is the electric field of the incident wave exerts on the fluorophore and αabs is the
absorption dipole moment of the fluorophore.
This electric field confinement can be originated from excitation of either localized surface
plasmons (LSP) (figure 1.4a) of metal nanoparticles or surface plasmon polaritons (SPP)
(figure 1.4b) of the flat metal surface. However, the electric field creates whether, from the
LSP or the SPP origin, the intensity of the field decreases away from the metal. In a metal
nanoparticle having a diameter (D), the degree of field intensity reduction with distance
can be expressed as ∼(D/[0.5D+d])3, where d is the distance between the fluorophore and
the nanoparticle. Thus, the maximum length of the effective electric field (field depth, Lp)
of a nanoparticle should be roughly similar in size to its diameter (Lp ~ D)47. However, the
SPP decays exponentially on flat metal surfaces. Therefore, the magnitude of excitation
rate enhancement of a fluorophore depends on the distance between the fluorophore and
the nanostructure. Fluorophores placed very close to the nanostructure should experience
14

Figure 1. 4 Illustrations of confined localized surface plasmon (LSP) fields of a metal
nanoparticle (a) and propagating surface plasmon polariton (SPP) fields of a thin metal
film (b). The intensity of the field rapidly reduces with increasing distance from the metal
nanoparticle or the continuous metal film. The maximum length of the field (Lp) beyond
which its intensity is almost zero. A fluorophore (red sphere) placed with a distance “d”
from the metal nanoparticle/metal thin film, where (d<Lp) should experience a plasmonic
effect.
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maximum excitation rate enhancement. However, the fluorophore molecules located too
away from the nanostructure (d>>Lp) should be devoid of the plasmonic effect. The
magnitude of excitation rate also depends on the degree of matching between the
absorption spectrum of the fluorophore with the SPR of the nanostructure48. Therefore,
the selection of excitation wavelength at the SPR of the nanostructure should be an
excellent approach to induce maximum field intensity in the nanostructures.
The magnitude of field intensity in nanoparticles can also vary with differences in
their shape. While the dipole moment orientation of the LSP modes of the spherical
nanoparticle is uniform at all axes, asymmetric nanoparticles might hold several LSP
modes with diverse dipole moment orientations. For instance, LSP modes of a metallic
nanorod likely orient both perpendicular and parallel to the nanoparticle axis. Exciting the
parallelly oriented LSP modes results in higher field intensity confinement locates at the
apexes of a nanorod49-50. Typically, the field intensity is maximum at the sharper tips of
nanostructures51. In addition, the field intensity is densely confined at the narrow gap
between two nanostructures which is also termed a plasmonic hotspot. Depending on
nanostructure type, field intensity in the hot spot can be enhanced as high as 3- 4 order
magnitudes52-53. This massive accumulation of electric fields at the hotspot results from the
excitation of the new LSP modes, which originates from the near-field interaction of two
individual nanostructures. However, field intensity reduces with increased gap size54.
Determining the field intensity experimentally near a nanostructure is challenging.
This is why theoretical simulation methods are typically employed to calculate the near
fields. Commonly used simulation approaches are- the discrete dipole approximation
(DDA) and the finite-difference time-domain (FDTD) method.
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1.2.2.1 Discrete – Dipole Approximation (DDA)
Discrete–Dipole Approximation (DDA) can estimate optical cross-sections of more
complex shape nanostructures such as ellipsoidal nanoparticles55. DDA works based on
numerical solutions, which basically calculate the charge distributions in a nanostructure.
The calculation primarily starts with fewer charges and then expands it to all charge
distributions by exploiting intercommunication of the initial point charges with the
remaining charges. DDA method can be used to estimate the near field of a nanoparticle
induces by light from the far-field such as laser or a near field source like an excited
fluorophore locating close proximity to the nanoparticle56.
1.2.2.2 Finite-difference time-domain (FDTD) method
Compared to DDA methods, finite-difference time-domain (FDTD) is a widely
used and versatile method for estimating the optical properties of nanostructures. It can be
applied for calculating both far-field and near-field optical properties of the nanostructures
having almost any size and shape. Usually, numerical solutions of Maxwell equations are
utilized in terms of time-domain for FDTD calculations57-58. FDTD is suitable for complex
shapes because it does not consider the physical approximations; instead, the entire
substrate is sliced into very tiny grids, and the changes in electromagnetic fields of each
grid are calculated at a time56. One of the advantages of this approach is that parallel
calculation of the slices is possible. Considering the versatility of the FDTD method, it has
been used to calculate the near fields of almost all varieties of nanostructures such as
spherical nanoparticles59, elongated nanorods60, and metal nanoapertures61. Despite the
wide application of the FDTD simulations, one of its disadvantages includes the
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requirement for enormous computing power, especially in the case of significant frequency
responses where many time steps have to take into account, and the entire grid has to
refresh again after each time step.
1.2.3

Decay rate enhancement
Interaction of a fluorophore placed in the near field of a metal nanostructure results

in an alteration in the decay rates of the fluorophore (figure 1.5). Depending on the
magnitude of field intensity (E) near the nanostructure leading to enhanced excitation rate
′
(𝐾𝑒𝑥
), the radiative decay rate 𝐾𝑟′ of the fluorophore can be enhanced due to the increased

local density of optical states (LDOS) at the emission wavelength of the fluorophore41.
This phenomenon is also termed as Purcell effect62. However, increased LDOS can also
′
alter the non-radiative rates (𝐾𝑛𝑟
) of the fluorophore41. The situation is even more complex

when the fluorophore locates close to the nanostructure. The excited fluorophore can be
considered an oscillating dipole that can interact with nanostructure by dipole-dipole
interaction. This interaction can cause energy transfer from the excited fluorophore to
nanostructure with a rate 𝐾𝑒𝑡 . Transferred energy can induce surface plasmon in the metal
nanostructure and re-radiate in the far-field. Nevertheless, the energy might also get lost in
the metal surface by excitation of higher-order plasmon modes63. New decay pathways are
′′
shown as 𝐾𝑟′′ corresponding to re-radiative decay rate and 𝐾𝑛𝑟
as the notion of a new non-

radiative decay rate, in figure 1.5. Typically, nanoparticles which extinction is dominated
by scattering component over absorption exhibits re-radiation64. Conversely, the efficiency
of energy transfer between the excited fluorophore and nanostructure depends on the
degree of matching between the emission spectrum of the fluorophore and the SPR of the
nanoparticle65. However, it was found that if the distance between fluorophore and
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Figure 1. 5 A modified Jablonski diagram representing a fluorophore's altered excitation
and emission rates when it couples with a metal nanostructure. The electric fields
associated with the excitation of LSPs in metal nanoparticle or SPPs in the metal film
increases the excitation fluxes reflecting in increased excitation rate of the fluorophore
′
(𝐾𝑒𝑥
). The increased electric field can also improve the local density of optical states

(LDOS), which might improve both radiative decay rates (𝐾𝑟′ ) and non-radiative decay
′
rates (𝐾𝑛𝑟
) of the fluorophore. However, when the fluorophore locates close to the metal

nanostructure, an additional decay pathway might arise; the excited fluorophore can
transfer some of its energy to metal nanostructure by dipole-dipole interaction. The
associated energy transfer rate is denoted as (𝐾𝑒𝑡 ). Transferred energy can induce surface
plasmons in the nanostructure, which typically re-radiates in the far-field. It is also possible
that transferred energy gets lost by the excitation of higher-order plasmon modes of the
nanostructure. The corresponding radiative and non-radiative decay rates are shown as
′′
𝐾𝑟′′ and 𝐾𝑛𝑟
, respectively.
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′′
nanostructure is too close (<15 nm), 𝐾𝑛𝑟
dominates, leading to quenching41. Therefore, a

spacer is typically used in most nanostructure-mediated fluorescence enhancement
studies66. Whether radiative or non-radiative decay rate modulation occurs, those should
ultimately alter the fluorescence lifetime and the quantum yield of the fluorophores.
The altered fluorescence lifetime and the quantum yield of the fluorophore under the
influence of plasmonic nanostructure can be written asodified quantum yield,  =

𝐾𝑟′ +𝐾𝑟′′
′ +𝐾 ′′ + 𝐾
𝐾𝑟′′ + 𝐾𝑟′ + 𝐾𝑛𝑟
𝑖𝑠𝑐
𝑛𝑟

odified fluorescence lifetime,  =

1
′ +𝐾 ′′ + 𝐾
𝐾𝑟′′ +𝐾𝑟′ + 𝐾𝑛𝑟
𝑖𝑠𝑐
𝑛𝑟

Equation 1. 4

Equation 1. 5

All radiative decay rates can be written combinedly as 𝐾𝑅 = 𝐾𝑟′ + 𝐾𝑟′′
′
′′
Similarly, all non-radiative decay rates can be written combinedly as 𝐾𝑁𝑅 = 𝐾𝑛𝑟
+ 𝐾𝑛𝑟
+

𝐾𝑖𝑠𝑐
Thus, it is evident from equations 1.3 & 1.4 that if the radiative decay rate is prominent
over the non-radiative decay, i.e., 𝐾𝑅 > 𝐾𝑁𝑅 then changes in  and  will direct in the
opposite direction, that means,  of the fluorophores will reduce accompanying with the
increased . However, vice versa is also possible. If 𝐾𝑅 < 𝐾𝑁𝑅 then, both  and  will
change in the same direction, which means lowering in will also reduce  or induce
quenching.
In addition to the distance between the fluorophore and the metal nanostructure, the
intrinsic quantum yield of the fluorophore and the extinction composition of the
nanostructure also control the magnitude of radiative/non-radiative decay rate
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enhancements of the fluorophores. Typically, fluorophores with low intrinsic quantum
yield exhibit more significant enhancement in radiative decay rate54. However,
fluorophores with high quantum yields are more prone to quenching67. Thus, selecting a
suitable nanostructure and a fluorophore and optimizing the distance between them is the
key to inducing radiative decay rate enhancement in the fluorophores.
1.2.4

Photon collection efficiency enhancement
In addition to improvement in the excitation intensity and quantum yield, an

efficient way to increase the emission rate of fluorophores is to enhance the collection
efficiency of their emitted photons. Typically, fluorophores in the free space emit photons
omnidirectionally (figure 1.6a), and only a few percent of the emitted photons get collected
by the objective lens. Although collection efficiency depends on the numerical aperture
(NA) of the objective, i.e., the objectives with high NA can collect a more significant
number of photons, but the percent is still meager. The situation is better when the
fluorophore is placed at the glass/air or glass/water interface; the emitted photons tend to
travel towards the medium with a high refractive index (glass) (figure 1.6b). Nonetheless,
the collection efficiency is not so remarkable even using the high NA objective due to the
broad angular distribution of the fluorophore’s radiation patterns compared to the
collection angle of the objective. Thus, squeezing the radiation patterns of the fluorophores
to match with the angularity of the collection objective might be a potential route to
improve collection efficiency. In this way, more photons can possibly be collected, which
should ultimately improve the emission rate.
Interestingly, nanostructures can alter the radiation pattern of the fluorophores
placed in their vicinity, primarily by changing the dipole moment orientation of the
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fluorophore68. Suppose a fluorophore is considered an oscillating dipole. In that case, its
dipole moment orientation can easily get distorted by the presence of a nanostructure
nearby. The nanostructure will dictate the new orientation of the dipole moment. Thus,
with a careful design of the nanostructure, it should be possible to tune the angular direction
of the radiation pattern of the fluorophores. For instance, Yagi-Uda, a customized
nanoantenna design consisting of multiple nanostructure components, exhibited almost
unidirectional emission from a single quantum dot69. The antenna design consists of a feed
element where the single quantum dot binds. The feed element is in line with a reflector
and three equally spaced directors, and the total line space was maintained equivalent to
the emission wavelength of the emitter. It has been reported that a maximum of 83.2% of
emissions can be detected by using those Yagi-Uda nanoantennas. Apart from the YagiUda nanoantenna, some other nanostructure designs have shown a bright and unidirectional
emission from the fluorophores.
A similar concept has been realized to design another nanostructure where a
nanoaperture is surrounded by equally spaced concentric grooves70-71. By keeping the
grooves to central aperture distance identical to the emission wavelength, it has been shown
that fluorophore molecules in the central nanoaperture become substantially bright, and
their emission pattern gets squeezed to a smaller angle and directs towards the objective
axis leading to higher collection efficiency72. However, the emission of different
wavelengths gets distorted at different angles. Thus, it is possible to sort the photons of
divergence wavelength by tuning the collection angle. Selectively collecting the emission
of a particular wavelength only can potentially reduce the background signal.
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On the other hand, unidirectional or beamed emission can be easily collected by the
objectives with lower NA, nullifying the obligation for high NA objectives for singlemolecule studies70(figure 1.6c). Apart from these specialized nanostructure designs,
surface plasmons of a single nanoparticle73, their dimers74, and even a single nanoaperture75
can also modify the radiation pattern of the fluorophores. Radiation patterns of a single
fluorophore in these non-specialized nanostructures can be visualized in figure 1.6d.
Although the collection efficiency of these nanostructures is not excellent as like YagiUda/ nanoaperture with concentric groves, they still induce notable enhancement in
collection efficiency. The most common experimental approach to examine the angular
distortion of the emission pattern is to image the fluorescence intensity distribution at the
back focal plane of the objective76. Beaming or directional enhancements of emission
becomes easily visible from the image. However, simulation approaches can also be used
to predict the radiation pattern of fluorophores nearby a nanostructure69. Typically, the
fluorophore molecules are considered point dipole, and their emission pattern is calculated
under the influence of the nanostructure.
1.2.5

Zero mode waveguides (ZMWs)
Zero mode waveguides (ZMWs) are an outstanding addition in the field of

nanophotonics. The prime reason behind that lie’s in their exceptional capabilities to
monitor single-molecule activities in the micromolar level concentrated solution, which is
an utmost requirement for observing most biomolecular interactions. In addition to that,
ZMWs can potentially induce single-molecule fluorescence enhancement leading to an
improved signal-to-noise ratio. Moreover, the physical morphology of ZMWs can be
manipulated to observe single molecules in live cells.
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Figure 1. 6 Schematics for displaying plasmon-mediated alteration in radiation patterns of
fluorophores. (a) Isotropical emission from a fluorophore in free space, photons distribute
omnidirectionally. Although a high NA objective can collect more photons than a low NA
objective, a large portion of the photons remain uncollected. (b) Emissions from a
fluorophore sitting on top of a medium having a higher refractive index, i.e., glass
coverslips, tend to direct more photons towards a high refractive index medium (glass).
Nevertheless, a substantial number of emissions get lost. (c) The radiation pattern of a
fluorophore coupling with specialized nanostructures, i.e., Yagi-uda or ZMWs with
concentric grooves, most of the emissions get directed towards a narrow direction which
enables collection of a good portion of the emission even using a low NA objective. (d)
Other than those specialized nanostructures, typical nanostructures like ZMWs can also
distort the radiation patterns to a reasonable degree facilitating the collection of more
photons.
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ZMWs are an array of nanosized holes (< 250 nm) milled in a thin metal film (figure 1.7a),
and the pioneering idea of ZMWs was first launched by Harold Craighead and Watt Web
research group through one of their work published in 200377. It was the first breakthrough
in the practical applications of ZMWs where they observed the behaviors of a single DNA
polymerase molecule using fluorophore-labeled nucleotides in 10µM concentration. Using
ZMWs of 43 nm in diameter, they found on an average 0.1 molecules of nucleotides in
each ZMW wells. Inspiring by this excellent work, the horizon of ZMW utilization for
biomolecular and even non-biomolecular research has been ever-expanding. Some notable
works include measuring the oligomerization kinetics of the lambda-repressor proteins of
a bacteriophage at µM protein concentrations78 or visualizing the binding and unbinding
events of two chaperon proteins (Gro-EL and Gro-ES) in their µM concentrations79-80.
One of the significant advantages of ZMWs is that it does not require any
specialized instrumentation. Instead, the conventional confocal/TIRF microscopes can be
easily combined with them for experimentation. Typically, a small confocal beam or the
evanescent field from TIRF is focused on the bottom of the ZMW holes. The emission
from the sample is collected by the traditional collection systems, i.e., APDs/CCDs.
Although a conventional diffraction-limited beam is used for excitation, ZMWs can lower
the volume of diffraction-limited illumination in several orders of magnitude, enabling
them to detect a single molecule in a µM solution. Two factors are responsible for reducing
observation volume in ZMWs (figure 1.7b). Primarily, the diameter of the ZMW holes
(<250 nm) is usually smaller than the diffraction limit of the commonly used excitation
lights, and typically ZMW holes remain several micrometers apart from each other. Thus,
the focused excitation light should be restricted within the boundary of the ZMW holes due
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Figure 1. 7 (a) Schematics of ZMWs inscribed in 100 nm thick gold film. The diameter of
the holes is 200 nm, and the pitch between the two holes is kept at ~ 3.5µm. (b) reduction
of illumination volume in an AuZMW due to the evanescent nature of the excitation light
consolidating at the bottom of the ZMW hole
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to opaque metal walls in the surroundings. Therefore, a more significant portion of the
excitation beam should already be physically wiped out.
On the other hand, the diameter of the ZMW holes is too tiny compared to the
wavelength of excitation light. Typically, excitation lights in the visible range are used for
single-molecule fluorescence studies whose wavelength is larger than the cut-off
wavelength of commonly used ZMWs. Thus, the focused excitation light cannot propagate
through the ZMW hole; instead, it becomes an evanescent wave and consolidates at the
bottom of the ZMW well. The evanescent wave typically extends few nanometers towards
the ZMW well's opening. These two reduction levels enable ZMWs to decrease the
diffraction-limited observation volume in 3-6 orders of magnitude, i.e., Femto litter (10-15)
level confocal volume to atto to zepto litter (10-18L to 10-21L) observation volume in
ZMWs63.
Another significant advancement in nanophotonics based on ZMWs includes single
molecule-based genomic sequencing in real-time15. These studies are based on the
immobilization of a single polymerase enzyme coupled with the DNA fragment to be
sequenced at the bottom of the ZMWs and then allow all four nucleotides labeled with four
different fluorophores to bind. Typically, µM concentration of each nucleotide is used. The
polymerase catalyzes the reactions and sequentially binds the nucleotides complementary
to the nucleotides in the DNA fragment. A four-color excitation light respective to four
different fluorophores is focused on the bottom of the ZMW that excites the individual
fluorophore-tagged nucleotides, which are finally detected using suitable optics. The four
nucleotides can be easily distinguished by comparing the temporal signals of four different
fluorophores tagged with them.
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Apart from the volume reduction capabilities of ZMWs, they can potentially exhibit
plasmonic properties. Upon excitation with suitable light, their surface plasmons can get
excited, increasing the near electric field. Therefore, a fluorophore molecule residing in the
ZMW hole should experience enhancement in its excitation rate. At the same time,
radiative decay rates of the fluorophore can also be enhanced due to plasmon-mediated
improvement in the LDOS of the fluorophore. However, fluorescence quenching might
also result, which primarily mediates by the enhanced non-radiative decay rates. These
non-radiative decay rates originate from energy transfer between the excited fluorophore
and the ZMW metal surface. Alteration in the decay rates should reflect the fluorescence
lifetime and quantum yield of the fluorophore. Like other nanostructures, the surface
plasmons of the ZMWs can potentially alter the directivity of the emitted photons from the
fluorophore. Together with all possible photophysical changes, ZMWs have been shown
to enhance single-molecule fluorescence up to 6.5- times81. But inscribing concentric
grooves around a nanoaperture enabled improving fluorescent count rate by 120 times70.
However, the degree of enhancement in fluorescence intensity depends on various
parameters like metallic compositions63, size36, and shape of the ZMWs70, the distance
between the fluorophore and the ZMW metal walls82-83, and the intrinsic quantum yield of
the fluorophore67. Fluorophores sticking on ZMW's metal wall are very susceptible to
quenching63. That is why it sometimes necessary to passivate the metal walls. A polymer
layer is mostly coated on the metal, so that fluorophore molecules do not stick with the
metal wall but instead remain in the hole area84-86.
An additional attractive feature of ZMWs includes their planner surface. An array
of nanosized holes on a plain and smooth metal film might be good support for growing
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live cells on top of that surface. Thus, culturing the cells on top of the surface might be
possible to investigate a tiny portion of cell membranes from the glass bottom side of the
ZMW holes. A similar concept has been utilized to determine the stoichiometry of single
acetylcholine receptors where neuron cells were cultured on a surface consisting of many
ZMWs87. Then, GFP probed single receptors were imaged in the invaginate portion of the
cell membranes in ZMWs. To make the cell membranes more accessible and avoid
uncertainty in cell membrane invagination into the ZMW holes, planar-type ZMWs were
fabricated and successfully utilized for sub-diffraction-limited illumination on cell
membranes88. Similarly, ZMWs were used to determine the diffusion profile of the
fluorescent probes integrated into the cell membrane to understand the membrane
architectures23, 89-90.
However, if we look at all the studies mentioned above, the fluorescence properties of
different fluorophores are primarily manipulated. Thus, a thorough characterization of the
single fluorophores in ZMWs could extend their utility.
1.2.6

Plasmonic nanostructures for single-molecule fluorescence enhancement
Realizing the massive potential of nanostructures to enhance the single-molecule

fluorescence, many nanostructures have been designed and fabricated, having divergence
in their size, shape, or orientation63. Photophysical and optical properties of fluorophores
from different origins, such as organic dyes91, single nanocrystals92, or carbon nanodots9394

, have been tested. Nanostructures have been shown to modulate the excitation intensity,

emission rate, or photon emission direction of the fluorophores. One unique nanostructure
is the so-called "bowtie nanogap antenna," which consists of a ~ 10 nm gap between the
apexes of two opposite triangular metal shapes54. It has been shown that field intensity in
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the gap between Au triangles is enhanced by 100 times. Moreover, the quantum yield of
the fluorophore is also improved by 10 folds (2.5% to ~25%). By combining contributions
from both the excitation and emission side, the fluorescence intensity of the single
fluorophores is exceeding 1000-fold. Considering a minuscule volume of the gap, the same
research group extended the experiment to observe the fluorescence and diffusion
characteristics of two IR dyes using fluorescence correlation spectroscopy (FCS)95. The
data acquisitions were carried out by placing 1µM solution of each dye in the gap, and the
dyes demonstrated a significant enhancement in the fluorescence count rate. However, a
longer diffusion time (tens of millisecond) of the molecules in the gaps than that of freely
diffusing dye (~ 1 millisecond) inferred that the enhanced fluorescence count rate is likely
originated from the molecules sticking in the gaps. Mimicking the bow tie gap antenna, Lu
et al. fabricated bowtie nanoapertures (BNA), consisting of a rectangular gap aperture
between two triangular apertures96. The width of the gap aperture was always kept constant
(~ 30 nm), but the arms of the triangular apertures were varied between 150 – 450 nm. By
placing 2µM Alexa fluor 647 in the nanoapertures, they observed polarization and aperture
size-dependent fluorescence enhancement of the single fluorophores using FCS
measurements. BNAs with a larger size (450 nm) exhibited more considerable
enhancement (~ 12-fold) when excitation light was polarized parallel to the BNA axis. The
enhancement values go down with a reduction in BNA sizes or when the excitation is
polarized vertically to the BNA axis.
In addition to EBL-based methods, a more straightforward and low-cost procedure
has been reported for fabricating bowtie antennas with tunable gap sizes. It utilizes
nanosphere lithography in combination with plasma processing97. The plasmonic
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efficiency of the fabricated gap antennas was tested by measuring the fluorescence burst
of a fluorescently labeled and mobile particle embedded in a supported membrane placed
on the gap arrays. Significantly higher fluorescence intensity of some molecules than other
molecules inferred that highly fluorescent molecules are most likely positioned in the gap.
Punj et al. have introduced an excellent nanogap antenna naming as "Antenna in a box,"
composed of a nanogap between two metal blocks98. The nanogap antennas are confined
into a rectangular metal box. The gap antenna primarily works as the hotspot for singlemolecule enhancement, but the box mainly limits the background molecules. This gap
antenna enabled single-molecule detection from 20µM solution, along with a ~ 1000-fold
enhancement in single-molecule fluorescence intensity.
In addition to the nanostructures mentioned above, which are primarily fabricated
on a planner surface using top-down approaches, many nanostructures grow to their final
shape by combining individual atoms/precursors. These latter approaches are also termed
bottom-up processes. Nanostructures formed by the bottom-up processes also exhibit
promises for single-molecule fluorescence enhancement. For instance, a single Au
nanoparticle with a diameter of 80 nm showed ~ 60-fold enhancement in fluorescence
count rate35. The near field volume was reduced to 270 zeptoliters, which are about 1000
times smaller than the confocal volume. It has been shown that nanostructures with an
irregular shape are better in light accumulation than their regular shape counterpart. For
instance, more than 1000-fold enhancement in fluorescence intensity has been reported for
single crystal violet molecules near Au nanorods99.
Similarly, silver Nano islands formed on glass by thermal evaporation have been
shown to increase the fluorescence rate of single atto 655 molecules by ~ 11 folds with
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reduced diffusion time and fluorescence lifetime100. However, field enhancement in
nanogaps between two nanostructures is more significant than that of the individual
nanostructure101. Although lithographic techniques are typically used to create those gap
antennas with defined size and shape, the nanogaps can also be formed by coupling two
individual nanostructures using different linker molecules101-102. And those nanogaps might
also be created through the self-assembly of individual nanostructures into their dimer103.
DNA molecules are a good choice as a linker because two nanoparticles can easily be
coupled at the ends of a DNA molecule to form a nanoparticle dimer. For instance, Au
nanoparticle dimers interconnected by a single-stranded DNA linker exhibited more than
100 times enhancement in the spontaneous emission rate of a single fluorophore coupled
in the dimer gap. That enhancement factor is more significant than that induced by a single
Au nanoparticle102.
Moreover, the gap distance between the nanostructures can also be tuned by
controlling the DNA length104-105. However, a DNA origami structure has been utilized to
control the nanogap size and reliably place the fluorophore in the gap region101. Single Atto
647N molecules have shown as max as 5000-fold enhancement in fluorescence count rate
when coupled in the gap between two 100 nm Au nanoparticles67.
1.2.7

Quantum dots
Quantum dots (QDs) are nanosized crystalline materials primarily made up of

semiconductors. Those zero-dimensional nanocrystals composed of several atoms are also
called artificial atoms because they exhibit atom-like line emission spectra106-107. The
additional unique properties that make the QDs a compelling material for optoelectronics
and bio-imaging include the broad absorption range, sharp and narrow emission spectra,
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and superior photostability. Moreover, the optical properties of the QDs can be tuned by
optimizing the size and shape108-109. Typically, the emission wavelength of the QDs red
shifts with increasing size110. The absorption and emission processes in QDs are almost
identical to organic fluorophores; upon excitation by the photons with suitable energy, one
of the electrons from the valence band (VB) gets promoted to the conduction band (CB),
leaving behind a hole in the valence band (figure 1.8). An exciton is formed by the binding
of the electron with the hole. When the electron and the hole recombine, they emit a
photon. But emitted photon's energy depends on the bandgap between the valence and
conduction band. However, the QD's surface occupies trapping states which can modify
their optical properties; for instance, non-radiative recombination of the electron/hole with
the trap states might lower the quantum yield (QY)111 or induce photoluminescence (PL)
blinking112. To overcome these issues, a shell layer of semiconductor materials with a
higher bandgap is coated over the QD core to prevent non-radiative recombination of
electron/hole with the trap state materials leading to improved QY and reduced PL blinking
of QDs113. Core/shell-based QDs such as CdSe/CdS113 or Cdse/ZnS114-115 exhibited
significant improvement in quantum yield and reduced PL blinking.
1.2.7.1 Multiexcitons emission in QDs and Antibunching
studies
A distinct property of QDs includes their capabilities to create multiexcitons
(MXs). Instead of just one electron, multiple electrons promote from the valence band (VB)
to the conduction band (CB), creating multiple e-h pairs (figure 1.9a).
Single QDs can generate MXs by absorbing a photon with energy higher than the
bandgap energy 116-117 or simultaneous absorption of two excitation photons with energy
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Figure 1. 8 Excitation and emission processes of quantum dots (QDs). When a QD is
excited with a suitable energy source, an electron promotes from valence band (VB) to the
conduction band (CB), subsequent recombination of the e-h pair emits a photon.
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corresponding to the bandgap118-119. The radiative recombination of the multiple e-h pairs
should result in multiphoton emission simultaneously. This increased optical gain makes
the QD's appealing for application in many essential fields such as lasers and quantum
computing66.
Nevertheless, the dynamics of the MXs are more complex than the single excitons
(Xs). Typically, higher-order recombination occurs at a much faster time scale compared
to Xs. Moreover, photon emission from the MX recombination involves more energy,
which distinguishes them from Xs because MX recombination appear in the higher energy
region of the QD's emission spectrum. However, it requires the cryogenic temperature to
differentiate the biexciton (BX) and X emission because their emission spectrum overlaps
at room temperature120. To overcome that technical challenge, a comparatively easy and
straightforward technique named “photon correlation or photon antibunching” is widely
used to compute the BX and X quantum yield of single QDs at room temperature.
Antibunching study requires the Hanbury and brown optical setup, where a 50/50 beam
splitter is used to equally distribute the emitted photons between two detectors121 (figure
1.9b). In addition, a correlator is used to count any photon coincidence events between the
two detectors. The idea is that if just a single photon arrives at a time from the QD,
following the beam splitter, it will either be detected in detector 1 (figure 1.9c) or detector
2 (figure 1.9d). Thus, there should not be any coincidence event. However, if radiative
recombination of biexciton occurs in that case, two photons should arrive simultaneously,
and subsequent passing them through the 50/50 splitter, the two photons should divide
equally, and one photon gets detected to each detector at the same time (figure 1.9e).
Therefore, enumerating the coincidence events and single-photon detection events and
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subsequent logging them in a histogram, it should be possible to quantify the
biexciton/exciton quantum yields. An alternative to the direct counting of the coincidence
events, some of the programs perform a second-order cross-correlation of PL intensities
between the two detectors at different time scales. The correlation value at zero delays
corresponds to biexciton emission. However, the correlogram looks a little different in the
case of CW and pulsed excitation. A sudden dip at zero delay time corresponds to the
antibunching nature of the photons for CW excitation122 (figure 1.9f). The dip length
reduces with increasing biexciton emission. On the other hand, in pulsed excitation, a peak
at zero delays indicates the biexciton emission, and the side peaks correlate with single
exciton emission at different laser pulses65 (figure 1.9g). Recently, Nair et al. showed that
at low excitation fluence, the area ratio of the central peak and side peaks proportionate
with the corresponding BX and X quantum yield123.
1.2.7.2 Photoluminescence (PL) blinking in single Quantum
dots
PL blinking that can be characterized as random and frequent fluctuations in PL
intensities over time is a prominent characteristic of single QDs. Single QDs can
mysteriously switch between a high emissive state to an almost non-emissive state even
under a constant fluence of excitation lights124-125 (figure 1.10). The emissive/non-emissive
states corresponding to high PL intensity/background intensity are referred to as ON/OFF.
The origin of the OFF states in single quantum dots is still debatable in the scientific
community. Several models have been proposed; one of the early models illustrates that
photo charging of single QDs is responsible for inducing the OFF states118 (figure 1.11).
According to this model, at a low excitation intensity range, single QDs remain in their
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Figure 1. 9 (a) Biexciton formation due to the promotion of two electrons from the valence
band (VB) to the conduction band (CB) of a QD. Radiative recombination of biexcitons
emit two photons simultaneously (b) Hanbury-brown setup for antibunching studies
consisting of a 50/50 beam splitter, two APDS, i.e., APD1 and APD2 and a TCSPC for
counting coincidence events (c) a single photon gets detected either in APD1 or (d) in
APD2 (e) simultaneous arrival of two photons corresponding to biexciton emission, splits
equally and get detected in both of the detectors at the same time (f) a typical photon
correlation graph for CW excitation, the dip at zero delays is an indication of the magnitude
of photon antibunching /bunching (g) a typical photon correlation graph for pulse
excitation, the relative peak size at zero delays compared to side peaks is an indication of
the magnitude of photon antibunching /bunching.
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Figure 1. 10 (a) A typical PL intensity trace with two-step blinking; higher PL intensity
(ON-state) and low PL intensity (OFF-state).
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Figure 1. 11 Schematics for PL blinking of QDs by photo charging. A neutral Qd emits a
photon due to radiative recombination of e-h pairs (ON state). The QD becomes
positively/negatively charged when the e/h is trapped in the surrounding matrix and does
not emit a photon (OFF state). Further creation of an e-h pair develops a positive
trion/negative trion and triggers non-radiative auger recombination. The energy emits for
the recombination is consumed to knock the other carrier (e/h) out of the core. Thus, no
photon emission occurs (OFF state persists). The QD resumes photon emission when the
e/h comes back to the core and neutralizes the QD (ON state).
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neutral state and emits a photon through the radiative recombination of the e-h pair.
However, one of those charge carriers (e/h) might be trapped in the surface matrix, leaving
the remaining carrier in the QD's core. The thermal/auger autoionization process can
influence this migration of carriers. As one of that carriers is unavailable for recombination,
it renders the QDs non-emissive, and it is believed to be the starting point of the OFF state.
As long as the QD is in the charged state, they do not emit a photon; nevertheless, they
continuously absorb excitation photons. Because, upon excitation, the additional e-h pair
creates in the already charged QDs makes a three-body system, i.e., trions, which further
facilitates the non-radiative auger recombination process. The energy released during the
auger recombination of e-h is consumed to excite the resident carrier (e/h) that ultimately
ends up, no photon emission. The QD revives to the emissive state once the trapped carrier
comes back to the core.
A similar model illustrates that biexcitons composed of multiple e-h pairs can also
ionize single QDs by triggering auger recombination126 (figure 1.12). Several charges of
multiexcitons residing nearby can induce columbic interaction facilitating auger
recombination. The resulted recombination energy can be utilized to reject the remaining
e/h out of the core, causing the ionization of the QD to its positive/negative form,
respectively. Either ionized form makes the QD non-emissive. Analogous to the charging
model, the ionized QD remains in an OFF state until the rejected e/h returns to the core and
resumes radiative recombination. Therefore, cycling periods between ionization and
neutralization of the QDs control the extent of their ON/OFF state times.
According to these two models, the PL intensity trace of the QDs should be binary,
meaning PL intensity should fluctuate between two discrete steps, i.e., high PL intensity
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Figure 1. 12 Illustrations of PL blinking by auger ionization. Biexcitons formed in QDs
triggers non-radiative auger recombination. The energy released during recombination is
used to eject the e/h out of the core resulting in the formation of a positive ion/negative ion
respectively in the QD. The ionized QD does not emit photons (OFF state) until
neutralization of the QD occurs to emit a photon (ON-state).
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(ON-state) and as low as background level PL intensity (OFF-state). Several types of QDs
have been found to exhibit these binary typed PL intensity fluctuations. However, many
reports show that some QDs display multiple levels of fluctuations in their intensity trace
instead of just two-step blinking112 (figure 1.13a). Therefore, the photo charging/Auger
ionization model is not enough to explain those situations. Some other models have been
suggested to illustrate those multistep blinking processes. One of those models postulates
that QD's surface holds multiple non-radiative centers (NRCs)127 (figure 1.13b). When the
NRC centers are deactivated, the excitonic e-h pairs recombine radiatively to emit photons,
reflecting in a high emissive ON state. However, upon activation of the NRC centers, a
competition arises between radiative recombination of the e-h pair and the non-radiative
recombination of band edge e and the NRC centers. Thus, the extent of
activation/deactivation of the NRC centers dictates the PL intensity of the QDs.

1.3
1.3.1

SINGLE-MOLECULE IMAGING TECHNIQUES
Total internal reflection (TIRF) microscopy
Total internal reflection (TIRF) microscopy is an extensively used technique for

single-molecule imaging. The total internal reflection (TIR) of light is the key basis of this
technique. Conceptually, TIR can be explained using Snell's law. According to the
refraction of light concept, when any light wave incidents at the interface between two
different media differ in their refractive index, the light path in other media will deflect
from the original path (figure 1.14a). If the refractive index of two media is n1 and n2; (n1
 n2) and the light incidents from n1 media at an angle 1 and refracts to n2 media at 2
angle, then, according to Snell's formula,
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Figure 1. 13 (a) A typical PL intensity trace with multilevel blinking. (b) Origins of
multilevel PL blinking. When NRC centers are deactivated, the e-h pairs recombine
radiatively to emit a photon (bright state); however, activation of NRC centers adds up
non-radiative decay channels with the existing e-h radiative decay. Depending on the extent
of NRC centers activate/deactivate, the PL intensities vary continuously.
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n1sin1 = n2sin2

Equation 1. 6

Thus, if n1 > n2, then with an increase in 1 value, 2 will also increase, and at a particular
value of 1, the 2 value will reach 90 , which means the refraction light will pass along
the boundary of two media. The incident angle at which the refraction angle becomes 90
is termed as critical angle (c). However, if the incident angle is further increased and
becomes larger than the critical angle (c), then the light wave will reflect back to the same
media instead of refraction in the other media. This phenomenon is called TIR, which is
implemented in TIRF microscopy.
Typically, glass - water interface is used for most TIRF measurements. The basic
outline of the technique includes focusing the excitation beam on the glass-water interface
at an incident angle greater than the critical angle (figure 1.14b). Usually, a high NA
objective (o) is used for focusing the excitation light. As the incident angle is larger than
the critical angle, TIR occurs. The excitation beam at the focus point becomes evanescent
in nature, and the resulted evanescent field decays exponentially with increasing distance
from the glass-water interface. Typically, the depth of the evanescent field is kept at almost
100 nm. However, the field depth is adjustable in the upper bound or even lower than the
100 nm mark by optimizing the incident angle or using a very high NA objective. This
lower field depth enables selective illumination of the molecules dwelling in close
proximity to the glass surface, leaving the upper bound molecules unaffected, making TIRF
microscopy an attractive tool for tracking single molecules incorporated in the plasma
membrane of cells128. Emissions from the molecules are collected through the same
objective (o) used for focusing excitation light and are allowed to travel towards the
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detection system using suitable optics, i.e., dichroic mirror (d) and the reflecting mirror
(M) (figure 1.14b). CCD cameras are commonly used as the detector.
TIR can also be achieved using a triangular quartz prism (P) (figure 1.14c) instead
of a high NA objective lens2. The typical outline of the prism-based TIRF microscopy
involves the coupling of the prism on a glass coverslip with suitable immersion fluid.
Molecules to be imaged are immobilized on the opposite side of the glass coverslip using
an appropriate linker. A suitable excitation laser is coupled on the prism side at an incident
angle higher than the critical angle, which causes TIR to results in an evanescent field at
the glass sample interface. Fluorescence emission from the molecules passes through the
dichroic mirror (d) and reflecting mirror (M) and finally gets detected in CCD.
One of the other advantages of TIRF microscopy is that signal to noise ratio is
greatly enhanced because it collects an insignificant number of off-focused signals. This is
why TIRF microscopy has been widely used to study the dynamic changes and trafficking
of membrane proteins129-130. Apart from the cell-based studies, TIRF microscopy can also
study single molecules immobilized on glass surface131 or the molecules diffusing in a
solution130, 132.
1.3.2

Confocal microscopy
Confocal microscopy is a universal technique for single-molecule spectroscopy.

The term "confocal" means "having the same focus," which indicates that it considers only
the photons emanating from the focal plane of the sample133. More precisely, it uses a tiny
pinhole that is at the same focus as the focal plane of the sample and removes all the
photons approaching from out of the focal plane. That results in images with a better
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Figure 1. 14 (a) Schematics representing the physical mechanism of total internal reflection
(TIR). Refraction of light occurs at a lower incident angle (green arrows). Increasing the
incident angle also increases the refraction angle and becomes 90 at the critical angle (red
arrows). When the incident angle is greater than the critical angle, TIR occurs (Black
arrows). (b) An objective-based TIRF microscopy setup consisting of an objective lens (o),
a dichroic mirror (d), a reflecting mirror (M), and a camera for imaging (CCD). (c) A prismbased TIRF microscopy setup consisting of a prism (P), an objective lens (o), a dichroic
mirror (d), a reflecting mirror (M), and a camera for imaging (CCD).
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resolution. Figure 1.15 displays the outline of a confocal microscope. A collimated
confocal beam originating from a suitable light is focused on the sample plane using a high
NA objective lens (o). A dichroic mirror (d) is employed to reflect the beam towards the
objective. However, the size of the focused laser should be restricted by the diffraction
limit. The diameter of the laser focus can be estimated from the wavelength of the laser
beam () and the NA of the objective in use. This relation can be expressed asdiameter of the laser focus2, df =

0.51

Equation 1. 7

𝑁𝐴

Thus, a higher NA value of the objective should reduce the focused beam size. The smaller
beam size is typically desired for single-molecule imaging because it induces less
scattering noise leading to better resolution. For that reason, higher NA objectives are
commonly used for confocal microscopy.
Upon excitation of the sample with the focused confocal beam, the resulting
emission light is also collected by the same objective. However, at the same time, the
objective also collects a significant quantity of excitation light that comes through the
backscattering from the glass. But the dichroic mirror wipes out the excitation light and
allows only the emitted lights to pass through. The emission lights pass past the dichroic
mirror focus on the tiny pinhole (P) using another mirror (M) and focusing lens. The
pinhole, which is at the same focus as of sample plane, removes most of the out-of-focus
emission lights and allows only the in-focus emission lights to pass through. Thus, the size
of the pinhole dictates the resolution of the image. A smaller pinhole should display better
resolution due to its ability to clear a more significant portion of the out-of-focus emission.
Subsequently, the emission lights released from the pinhole get filtered through a suitable
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Figure 1. 15 Schematics of a confocal microscopy setup consisting of an objective lens (o),
a dichroic mirror (d), a reflecting mirror (M), a pinhole (P), and a detector (APD).
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bandpass filter to remove unwanted emission lights. Finally, the emission lights are focused
on the detectors using a suitable focusing lens. Usually, a photomultiplier tube (PMT) and
avalanche photodiode (APD) array detectors are used for photon detection.
Confocal imaging can be performed in two different operating modes; (1) a nano
stage can raster scan a particular portion of the sample on a fixed confocal beam, or (2) the
focused confocal beam can itself move and scan a portion of the sample. The latter method
is faster than the former.
1.3.3

Near-field scanning optical microscopy (NSOM)
NSOM is an emerging super-resolution technique for single-molecule imaging2.

The basic principle of this technique includes (1) it uses a laser spot having the size lower
than the diffraction limit to excite the sample, and (2) the excitation laser transforms into
an evanescent field that interacts with the sample from a very close distance, typically the
distance between the excitation laser and the sample is less than the wavelength of the
excitation light, in other words, the sample is located in the near field of the laser. Thus,
the sub-diffraction limited laser spot should be able to create a super-resolution image. One
of the efforts to develop that sub-diffraction limited laser spot is passing the excitation laser
through an NSOM probe (NP) consisting of a nanoaperture at the end. The diameter of the
aperture is kept smaller than the excitation laser's wavelength. Due to this size mismatch,
the excitation laser does not propagate through the nano aperture. Instead, it makes an
evanescent wave at the nano aperture exit. If the probe is now placed near the sample,
maintaining the distance close enough, at least equivalent to the diameter of the nano
aperture. In that case, the laser spot size should be identical to the diameter of the
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nanoaperture2. However, the laser spot size will become larger if the probe-sample distance
is too far.
A simple schematic of the NSOM microscope is shown in figure 1.16. An NSOM
probe (NP) holding the evanescent field of the excitation laser is carefully placed very close
to the sample (<10 nm). Usually, a feedback system is used to control the probe-sample
distance. Afterward, a suitable nano-stage raster scans a portion of that sample. The
resulting emission is then can be detected using appropriate detection optics like the
conventional confocal microscopy system (figure 1.16).
NSOM is a surface imaging technique. And the resolution of the image formed is
dependent on the aperture size and probe-sample distance. With the recent advancements
in nanofabrication techniques, it is possible to create NSOM probes having an aperture
diameter as low as few tens of nanometers134. Although conventionally circular apertures
have been in use, a recently introduced campanile-shaped probe has got attention due to its
high collection efficiency (~ 90%)135. Single-mode optical fibers are commonly used to
form probes, and nanofabrication techniques such as FIB are used to create the
nanoaperture2. In addition to the probes with nanoaperture, aperture-less NSOM probes
have also been used136-138. Aperture-less probes are comparatively sharper, and they work
by inducing scattering.
As the NSOM is primarily a surface scanning technique and provides both optical
and topological images, it is a valuable method to visualize the building blocks of the cell
membranes at the sub-nanometer resolution139, otherwise indistinguishable in diffractionlimited optical microscopes. Moreover, NSOM has also been used to investigate the

50

Figure 1. 16 Schematics of an NSOM setup consisting of an NSOM probe (NP), an
objective lens (o), a dichroic mirror (d), a reflecting mirror (M), a pinhole (P), and a
detector (APD).
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changes in emission behaviors of the single fluorophores integrated into the polymer140 or
at the vicinity of a nanostructure141.
In addition to the capabilities of NSOM to create images with sub-nanometer
resolution or potential for providing optical and topological information of the surfaces
simultaneously, it also induces low background noise due to the usage of more minor laser
spots for imaging2. However, the significant disadvantages of NSOM involve the
requirement for sophisticated instruments set up to control the probe distance, fragile nature
of the probes. Finally, the scanning speed is pretty slow, limiting their application for livecell imaging.

1.4
1.4.1

FABRICATION OF METAL NANOSTRUCTURES
Electron beam lithography (EBL)

EBL is a widely used top-down technique for fabricating plasmonic nanostructures. It is a
method of choice for forming nanostructures of any arbitrary shapes. Several
nanostructures exhibiting excellent plasmonic properties have been fabricated using EBLbased methods63, 142. EBL uses a focused electron beam to write the patterns of a predefined shape.
The typical workflow for the EBL-based fabrication process starts with spin coating
a thin polymer layer on a glass/silicon wafer surface (figure 1.17). The polymers used for
lithography are also denoted as resists. EBL resists are usually the organic polymers having
an exciting property; their solubility profile gets altered upon exposure with the electron
beam. Depending on the nature of the polymers, they might become soluble from their
insoluble form in a particular solvent and vice versa. The formers are termed as positive
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Figure 1. 17 Schematics for the nanofabrication of a nanoaperture (a) Spin coating a thin
resist layer (light green) is on a clean glass coverslip (grey) (b) EBL exposure on the resist
layer (black spots) (c) treatment of the resists in development solvent dissolves all resists
except those treated with EBL (black bars/cylinders) (d) deposition of metal on the features
(gold) (e) lifting off the resist pillars creates nanoholes in the thin metal film. (Notes: panel1
shows the X-Y view and panel 2 is the 3-D view of the substrate)
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tone resists, and the later ones are the negative tone resists. While many EBL resists are
available, polymethyl methacrylate (PMMA) has been extensively used as a positive tone
resist because it is chemically more stable and can ensure better resolution143. NEB 22A
has shown to be successful as a negative tone resist fabricating an array of nanoscale
apertures on glass/silicon wafers63, 142.
The following typical step in the fabrication process includes writing the pattern for
the nanostructure on the resist layer. This step is performed in EBL. A focused electron
beam is scanned on the resist layer's specified location, typically guided by a computeradapted design (CAD) of the desired shape.
Thus, alteration in resist's solubility with focused electron beam is the basis for pattern
development in the resist polymer and transforming the pattern to the final form of the
intended metal nanostructure. So, after treating in EBL, the next step is to submerge the
substrates in a suitable solvent. The solvent is also termed a development solvent63. The
selection of that development solvent is specific to the resist being used. For instance, MF321 is a suitable development solvent for the negative tone resists NEB 22A63. Upon gentle
shaking of the substrates in the development solvent, the resists within the area exposed
with the beam get removed, leaving the resists intact in the unexposed area. While this
phenomenon is true for positive tone resists, vice versa happens in negative tone resists.
Either way, the gaps created by removing resists result in a pattern for the intended
nanostructure. However, a subsequent plasma cleaning step might be necessary to clear off
any organic debris leftovers in the gap surface.
The following successive step towards metal nanostructure formation is to deposit
metal on the substrate. While metals can be deposited in several ways, electron beam (e54

beam) evaporation and thermal evaporation are the commonly used methods for metal
deposition. In e-beam evaporation144, a beam of electrons is used to evaporate the metal to
be deposited. A wire filament is used as the electron source, which emits electrons when
current is applied through it. The emitted electrons get more acceleration under high
voltage, and the electrons are then focused on the metal to be evaporated. The kinetic
energy of the electrons converts to heat which ultimately evaporates the metal. The metal
ions then get deposited on the substrate under a high vacuum. The deposition of metal using
thermal evaporation is almost similar; the only difference is that a resistance source is
utilized to produce the heat required for metal evaporation144. However, e-beam
evaporation is more popular than the thermal evaporation process because the metal
deposition rate is relatively higher and more uniform.
Lastly, the leftover resists must be removed to achieve the final form of the
nanostructure. Reactive ion etching (RIE) is an effective technique to eliminate those
resists or even some portions of deposited metal145. It usually uses different gases to create
a plasma that is the working force in etching146. One of the significant advantages of RIE
is that it can exert both physical and chemical etching approaches. For instance, an O2 gas
plasma can quickly oxidize and remove any organic resists; conversely, the plasma created
from a noble gas such as argon can physically shorten any resist or deposited metal layer.
An alternative to the etching techniques, a more straightforward method, is to lift off the
resists. Typically, a corrosive solvent or their mixture is used to dissolve the resist
materials. For instance, Microposit remover NMP 1165 can be used for lifting off negative
tone resists63. However, using a higher temperature or applying sonication might augment
the lifting-off process.
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One of the significant advantages of the EBL is that it enables high-resolution
pattern writing. Fabrication of delicate features having a size as small as ~ 2nm has been
reported147. However, the downside of EBL includes the requirement for expensive
instrumentation and slow scanning speed. Thus, EBL is not feasible for large-scale
production rather a good choice for laboratory/research-based studies.
1.4.2

Focused ion beam (FIB)
Along with EBL, focused ion beam (FIB) direct milling is also an appealing method

for metal nanostructure fabrication. A resolution of few nanometers can be achieved using
FIB148. While an electron beam is used for pattern writing by EBL, FIB directly mills the
pattern using a focused ion beam. Thus, it can bypass multiples of steps necessitates in
conventional optical lithography-based fabrication processes such as resist coating, light
exposure, or treatment with development solvent. The typical outlines of the FIB
fabrication process involve the deposition of a thin metal layer on a flat surface,
subsequently milling the pattern directly in the metal layer using a focused ion beam.
Although various ion sources can be used, Ga+ ion is extensively utilized because it melts
at low temperature (30C) but does not evaporate quickly149.
Moreover, this liquid metal ion source offers a bright and tightly packed ion beam
which enables better resolution. Before focusing the ions, they must need to accelerate to
gain sufficient energy to remove the metal atoms from the surface. The ions can be
accelerated using a range of potentials (few tens of kilovolts), leading to the beam current
in the range of picoampere to nano ampere143. This flexibility in beam current setting
enables FIB to form patterns with various degrees of complexity. Although EBL uses
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magnetic lenses for focusing the electron beams on substrates, electrostatic lenses are
employed for the ion beams in FIB149. This is because ions are relatively heavier and slower
than electrons.
Taking that direct milling advantage, many plasmonic nanostructures with different
levels of complexity have been fabricated using FIB techniques. Some of those metal
nanostructures include isolated nanoapertures (ZMWs)75, a central nanoaperture
surrounded by concentric grooves70, or a nanogap antenna inside a rectangular aperture
(Antenna in a box)98. All those nanostructures exhibited outstanding plasmonic properties.
The significant advantages of FIB-based fabrication include a pretty
straightforward technique requiring fewer fabrication steps but offers a nanometer-level
resolution. However, like EBL, it also works on a single point/feature at a time. Thus, it
needs a more extended time, especially for larger or denser features. On the other hand, the
redeposition of the metal atoms removed during milling might degrade the surface
roughness of the metal films, which can alter the plasmonic properties of the
nanostructures143, 149.
1.4.3

Nanosphere lithography (NSL)
As an alternative to instrumentally heavy and time-consuming techniques like EBL

or FIB, several other simple and low-cost methods have been proposed for nanostructure
fabrication. One of those methods is called nanosphere lithography (NSL)150. As the name
indicates, spherical colloids are the basis of this fabrication method. When the spherical
colloids are packed closely, the gaps create among the colloids serve as a template for the
desired nanostructure. Thus, if a thin layer of the metal film is evaporated on that tightly
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packed colloid, the metal layer should be deposited on the spheres and gaps. A subsequent
lifting of the colloids should form an array of regular patterns consisting of nanogaps
among the leftover metal blocks. While the size of the colloids will determine the lateral
width of the metal blocks and the gap size between them, the vertical dimension of the
blocks should be dependent on the amount of metal that has been deposited. Typically,
mono-dispersed polystyrene or silicon dioxide (SiO2) drops are cast on a flat surface like
mica/glass and allow them to settle34. Inducing a negative charge on the colloid surface can
benefit their homogenous settling on the flat surface. Now, upon evaporation of the solvent,
the nanospheres should come together due to capillary forces and form a densely packed
mass. These tightly packed spherical colloids can resemble hexagonal lattices. However,
In the subsequent steps, metal depositions are typically performed using physical vapor
deposition techniques, and the colloids can be lifted off simply using the sonication.
Lohmuller et al. were able to fabricate bowtie triangles with a well-controlled
nanometer gap between the triangle tips by coupling colloid lithography with a plasma
treating step97. Briefly, the fabrication process includes performing a monolayer deposition
of styrene beads on glass, and subsequently, plasma processing melts the contact points
among the polystyrene beads. Those tiny melting areas of the beads serve as a mask for the
nanogaps. It enabled achieving gap sizes of 5-100 nm by optimizing the colloid size and
packing orientation. This group studied the diffusion pattern of a protein by observing
significant fluorescence enhancement in the gaps.
Although this approach enables the fabrication of many nanostructures with tunable
size and shape at a low cost, uniformity among the sizes or shapes might be an issue.
Because when the colloids are packed together, they might get defects, or their shape might
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get distorted, which should ultimately reflect on the size/shape of the fabricated
nanostructure150. On the other hand, NSL is not a good choice for nanostructures with high
complexity because molding the colloidal beads at such a delicate level might be a
challenge.

1.5

MOTIVATION
ZMWs are emerging nanophotonics in biomolecular research due to their potential

in single-molecule imaging at physiological concentrations or even in live cells. Two
crucial traits making them appealing for single-molecule imaging include their ability to
reduce observation volume and potentials for plasmon-mediated fluorescence
enhancement to improve the signal-to-noise ratio. While the extent of illumination volume
reduction can be controlled by simply optimizing the size and shape of the ZMW wells,
the plasmonic effects of the ZMWs might be dictated by varieties of factors. For instance,
ZMWs make up of two different metals should have different plasmon setups. Thus, a
fluorophore might experience a distinctive level of plasmonic effects in those two ZMWs.
Similarly, two different fluorophores might exhibit unlike behavior in the same type of
ZMWs. In addition, the size and shape of ZMWs or the spatial position of the fluorophores
in the ZMWs might also play a crucial role in plasmon-controlled fluorescence
enhancement. Thus, a thorough characterization of the single fluorophores from different
origins in varieties of ZMW types is essential to find a suitable ZMW-fluorophore couple
exhibiting maximum fluorescence enhancement. In addition, exploring how to increase the
fluorescence enhancement factors beyond the typical ZMW limit might also be a viable
option to outspread the utility of ZMWs. The quest of the factors mentioned above drives
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us to design and execute the projects with an ultimate goal to maximize the single-molecule
fluorescence in ZMWs.
My first project investigates the effects of ZMW’s metallic compositions on singlemolecule fluorescence. The motivation of this project is based on the fact that different
metals hold typical surface plasmon setups. Thus, ZMWs made up of divergent metallic
compositions should have unlike surface plasmon resonances (SPRs). On the other hand,
the extent of matching between the SPR of a nanostructure and the absorption and emission
spectrum of the fluorophore dictates the magnitude of fluorescence enhancement of that
specific fluorophore. Thus, examining the fluorescence properties of commonly used
fluorophores in ZMWs of divergent metallic compositions should be a feasible option to
find the best ZMW-fluorophore combinations exhibiting maximum fluorescence
enhancement. To execute the plan, we fabricated five different types of ZMWs composed
only Al, only Au, and the mixture of Al and Au at three different ratios, i.e., Al: Au; 75:25,
50:50, and 25:75. By probing each ZMWs with various fluorophores emitting across the
visible spectrum, we observed a correlated shift in maximum fluorescence enhancement of
the fluorophores with ZMW’s metal composition changes. These findings can guide
selecting appropriate probes for single-molecule imaging in a specific ZMW.
In my second project, I extend the single-molecule fluorescence studies in ZMWs
using a fluorophore from the inorganic origin, i.e., quantum dots (QDs). The rationale for
choosing QDs is that, in addition to organic fluorophores, e.g., ATTO dyes, QDs have also
been utilizing extensively as a fluorescent probe due to their almost identical emission
behavior with organic dyes, but they possess superior photostability. Apart from their
utilization as the bio-imaging probe, QDs have shown promising application in numerous
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vital fields like lasers, photovoltaics, and quantum computing. Thus, a comprehensive
photophysical characterization of the single QDs in ZMWs might spread out the utility of
ZMWs beyond biomolecular imaging. In an effort to observe the plasmon-mediated
alterations in photophysical and optical properties of single QDs, we immobilized the
single QDs (Qdot 705) in AlZMWs. And we found a significant enhancement in their
photoluminescence intensity. Moreover, the inherent blinking nature of single QDs is
sufficiently suppressed, which is favorable for their utility as a single-photon source.
Another noteworthy finding is that the biexciton quantum yield of the single QDs is
significantly improved, which is suitable for QD’s usefulness in quantum cryptography.
My final project aims at improving the fluorescence enhancement power of typical
ZMWs. If considering only the fluorescence enhancement capabilities, usually, ZMWs are
not a great choice. Thus, exploring how to extend the fluorescence enhancement ability of
ZMWs beyond their typical limit should be a viable option to ensure a better signal-tonoise ratio. To do so, we discovered a noble approach where we manipulated the shape
appropriateness of two classical nanostructures: nanoapertures (ZMWs) and nanoparticles.
A sphere-shaped gold nanoparticle (AuNP) was coupled covalently in a gold ZMW
(AuZMW) with a goal to enhance the single-molecule fluorescence by the synergistic
combination of these two nanostructures. The small gap creates when a gold nanoparticle
(AuNP) couples in an AuZMW well, act as a plasmonic hotspot for fluorescence
enhancement. We observed a significant enhancement in the fluorescence intensity by
immobilizing the single ATTO 647N molecules in that small gap compared to only
AuZMW or only AuNP. This more extensive enhancement in fluorescence intensity should
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definitely be an added advantage for single-molecule imaging with a better signal-to-noise
ratio.
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MIXED METAL ZERO MODE WAVEGUIDES (ZMWS) FOR TUNABLE
FLUORESCENCE ENHANCEMENT

Reprinted (adapted) with permission from [A. Al Masud, W. E. Martin, F. H. Moonschi,
S. M. Park, B. R. Srijanto, K. R. Graham, C. P. Collier and C. I. Richards, Nanoscale Adv.,
2020, 2, 1894] - Published by The Royal Society of Chemistry
2.1

INTRODUCTION
Single-molecule spectroscopy is widely used for biological applications, including

single-particle tracking, protein folding, and protein-protein interactions151. However,
fluorophore brightness and photostability remain significant challenges for singlemolecule imaging primarily due to an inability to differentiate signals from the background.
Additionally, the diffraction limit of excitation light requires the use of nanomolar or lower
concentrations to discriminate single-molecule emission from the background63. This
concentration barrier is problematic because many biomolecules exist at physiological
concentrations in the micro to the millimolar range. A variety of nanophotonic devices
have been developed to address these issues, including near-field scanning optical
microscopes25,

140

, and zero-mode wave guides (ZMWs)77. While confocal and total

internal reflection (TIRF) modalities are limited to a concentration barrier (<10 nM) to
detect a single molecule event,152 nanoapertures allow imaging of biological interactions
at single-molecule levels in micromolar concentrations153-161. The photophysical properties
of fluorophores isolated in ZMWs can also be altered through interactions with the metal
structure. Enhanced local fields in and near ZMW wells increase the excitation rate leading
to brighter emission and faster photobleaching63,

162-163 164
,
.

Additionally, excited

fluorophores can interact with surface plasmons resulting in energy transfer to the metal
and quenching of the fluorescence signal or coupling with surface plasmons that results in
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re-radiation, an increase in fluorescence intensity, and shorter fluorescence lifetimes56.
Plasmon-mediated fluorescence enhancement by metal nanostructures is also dependent
on the spectral overlap of the surface plasmon resonance (SPR) with the excitation and
emission spectra of the fluorophores165-169. Many fluorophores have excitation and
emission maxima that coincide with the SPR for pure metals such as gold and aluminum.
However, commonly used fluorophores in biological applications have emission spectra
that span the visible spectra into the near-infrared. There are limited options for
nanophotonics capable of plasmon-enhanced fluorescence for many of these fluorophores;
the ability to tune the SPR to match the fluorophore excitation and emission spectra will
extend the range of plasmon-enhanced fluorescence applications. Although the SPR can
be shifted to some extent by controlling parameters like particle size and shape, particleto-particle distance, and surrounding dielectric media,165, 170-171 the tunability is limited.
Mixture of metals offer additional degrees of freedom through atomic composition and
arrangement165, 172. Nanostructures composed of mixtures of metals have been used to
create new, dephased plasmon modes, which were different from structures composed of
individual metals173. Mixed metals sometimes exhibit a broadband SPR which facilitates
multi-analyte detection174. Mixed-metal induced fluorescence enhancement in bulk
samples has been shown in Silver island Films (SiF) coated with a thin aluminum layer,173
silver-aluminum nanoislands174, and silver-copper nanoparticles165. Additionally, layered
Al-Au metal nanophotonic devices have been utilized for single-molecule applications175176

.
To take advantage of these mixed metal features, we fabricated ZMWs composed of

mixtures of aluminum (Al) and gold (Au) at three different ratios; Al:Au (75:25, 50:50 &
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25:75). We compared the effect of these mixed metal ZMWs (75Al, 50Al, 25Al) as well
as pure Al (100Al) and Au (100Au) devices on the photophysical properties of a series of
fluorophores that emitted in different regions of the visible spectra. These devices show
tunability across the visible region in their ability to enhance single-molecule fluorescence.

2.2

RESULT AND DISCUSSION

We fabricated ZMWs with varying compositions of aluminum and gold with identical
dimensions, composed of 200 nm diameter holes drilled in a 100 nm metal layer (figure
S2.1).
All ZMWs were fabricated by electron-beam lithography (EBL) and a lift-off process
detailed in the methods. The only fabrication process that differs between single metal
ZMWs (100Al and 100Au) and mixed metal ZMWs (75Al, 50Al, and 25Al) is the metal
layer deposition step. For mixed metal ZMWs, Al and Au were evaporated simultaneously,
whereas only Al or only Au was evaporated for single metal ZMWs.
To verify the composition of Al and Au in mixed metal ZMWs, we performed
elemental analysis by an energy dispersive spectrometer (EDS). Figure 2.1(a-c) shows the
atomic ratio of Al and Au in 75Al, 50Al, and 25Al. The observed composition matched the
deposition composition of Al and Au in hybrid ZMWs. We also checked the quality of
ZMW wells and found an array of round-shaped ZMW wells free from trace of resist
polymer (figure S2.2). To determine the effect of the mixed metal structures on surface
plasmons in a thin film, we measured the reflectance spectra of ZMWs in bulk (figure
S2.3). The reflectance spectra of 100Al and 100 Au matched that previously reported for
pure Al and Au thin films, respectively177-179. While the unique environment in a ZMW
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Figure 2. 1 (a–c) Energy dispersive spectroscopy (EDS) images representing the ratio of
AlK/AuM emission from the surface of mixed metal ZMWs, i.e.,75Al, 50Al, and 25Al,
respectively. The ratio of Alk/AuM on the ZMW surfaces matches the target ratio of Al
and Au in respective mixed metal ZMWs.

66

aperture would exhibit a different plasmon resonance than that of a thin film, the thin film
measurements serve to verify that optical properties change with metal composition. We
observed a clear red shift in the surface plasmon in mixed metal films with the increased
proportion of Au. This verifies that the mixture of metals shifts the optical properties in
mixed metal substrates. Mixtures of different ratios of metals have been shown to shift the
SPR of nanostructures due to changes in electrical conductivity.165, 180 Spectral overlap
between the SPR of metal nanostructures and the fluorophore spectrum is the key
component for metal enhanced fluorescence; thus, shifts in SPR lead to overlap with
different spectral regions. The observed changes in the spectral region generating the
maximum fluorescence enhancement measured using a series of fluorophores indicate a
shift in SPR. This coincides well with other mixed metal nanostructures where a clear shift
was observed in SPR with different ratios of mixed metals. To determine the effect of
hybrid ZMWs on fluorophore photophysical properties, all five ZMW types; (100Al, 75Al,
50Al, 25Al, and 100Au) were tested with each of four different fluorophores that emit
across the visible spectrum (ATTO 550, ATTO 590, ATTO 610, and ATTO 647N).
Fluorophores were immobilized in ZMWs using biotin-neutravidin linker chemistry
(figure S2.4). We used an inverted microscope equipped with a piezoelectric stage for all
single-molecule experiments.
The stage was raster scanned over a 30 µm x 30 µm – 50 µm x 50 µm area to locate
the fluorophores immobilized within this area (figure 2.2 a, d). Bright spots in the image
represent the location of fluorophores. Figure 2.2 (b, e) shows representative fluorescence
intensity time traces of single ATTO 550 molecules immobilized on glass and in 50Al,
respectively. The observed single-step photo bleaching is indicative of single-molecule
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fluorescence.

We simultaneously recorded the fluorescence lifetime of individual

fluorophores. A clear contrast in color scale among the fluorophore molecules on the glass
coverslip versus those in 50Al wells (figure 2.2 a, d) indicates the shortening of the
fluorescence lifetime due to interactions of fluorophores with the ZMW. Figure 2.2 (c, f)
shows the fitted fluorescence lifetime decay of single fluorophores on a glass coverslip and
in 50Al well, respectively. Similar measurements were performed to extract singlemolecule photophysical characteristics across all ZMW compositions for each of the
fluorophores.
2.2.1

Fluorescence enhancement of ATTO 550
To investigate the wavelength dependence of ZMWs on single-molecule

fluorescence, we compared the single-molecule fluorescence properties of ATTO 550 in
the five different ZMWs. ATTO 550 molecules immobilized on glass were used as a
reference to determine the effects of the plasmonic structures on single-molecule
fluorescence. The fluorescence intensity time trace of ~100 single ATTO 550 fluorophores
on glass and in all ZMW types were recorded at 532 nm laser excitation (1.03µW).
The fluorescence intensity of each single fluorophore was then extracted from the
respective fluorescence intensity time trace, and the resulting fluorescence intensities were
histogrammed (figure S2.5). The average fluorescence intensities in all substrates were
compared in figure 2.3a. Enhancement values on top of each bar were calculated by direct
comparison with that of glass. It is evident that 100Al gives the maximum fluorescence
intensity (2.2 times glass), whereas it is lowest for 100Au (identical to glass). Fluorescence
intensity enhancement values for molecules in 75Al, 50Al, and 25Al are 1.6, 1.6, and 1.2
times to glass, respectively. There is a clear decreasing trend in fluorescence intensity of
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Figure 2. 2 (a,d) Fluorescence lifetime images of single ATTO 550 molecules isolated on
glass and on the glass bottom of 50Al respectively, A clear difference in color scale among
the molecules between glass and 50Al indicates a reduction of the fluorescence lifetime of
the molecules in 50Al (b,e) Representative fluorescence intensity time trace of a single
ATTO 550 molecule isolated on glass and on the glass bottom of 50Al respectively. (c,f)
Fluorescence decay histogram of the same ATTO 550 molecules isolated on glass and on
the glass bottom of 50Al, respectively.
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single ATTO 550 molecules with increasing ratios of Au, which indicates 100Al is a better
match for ATTO 550 than other ZMWs. Molecules isolated in 75Al and 50Al showed
similar fluorescence intensities. Fluorescence intensity enhancement in ZMWs might result
from increased local excitation rates, increased radiative decay rate, or improved detection
efficiency by directing more emissions toward the detector. To understand which processes
were involved, we simultaneously determined the photostability (survival time) of single
molecules isolated in each of the ZMW compositions. The photostability of single emitters
was calculated by fitting the photobleaching time of emitters with single exponential decay
(figure S2.6). The average photostability of single emitters on glass and in all ZMWs is
shown in figure 2.3b. The average survival time of single ATTO 550 molecules on glass is
21.2 ± 0.4 sec whereas the average survival times in 100Al, 75Al, 50 Al, 25Al and 100Au
were found to be 29.3 ± 0.6 sec, 29.1 ± 0.4 sec, 22.2 ± 0.5 sec, 31.8 ± 0.8 sec and 41.4 ±
1.1 sec respectively. This indicates that photostability increased in all ZMWs compared to
glass but was highest for 100Au (~2.0 times glass) and lowest for 50Al (similar to glass).
Enhancement in fluorescence intensity coupled with improved photostability for molecules
in 100Al, 75Al, and 25Al could be an indication of both excitation and decay rate
enhancement.
Increasing only the excitation rate through interactions with the localized electric
field increases the average fluorescence signal but also leads to more rapid photobleaching.
However, interactions of excited fluorophores with ZMWs create alternative decay
pathways, which compete with transitions that lead to photobleaching, resulting in
improved photostability. The enhanced fluorescence intensity with no apparent change in
photostability for the molecules in 50Al indicates a combination of factors likely arising
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from excitation side enhancement and coupling into an alternative relaxation pathway that
reduces the likelihood of photobleaching. Maximum enhancement in the photostability but
no enhancement in fluorescence intensity for molecules in 100Au suggests decay rate
enhancement through a non-radiative pathway. Alternatively, a scatter plot comparison of
photobleaching time versus fluorescence intensity of individual ATTO 550 molecules
suggest that a larger proportion of molecules in 100Al are brighter and more photostable
than the molecules on glass (figure 2.3c). However, it should be mentioned that there are a
large distribution of fluorescence intensity and photobleaching time values among
individual molecules. Spatial localization of molecules within the circular area of the glass
bottom of ZMW holes of 200 nm diameter plays a crucial role in interactions with the
enhanced local field.181 Molecules residing several nanometers away from the metal
nanostructure experience the highest local excitation field35.
To further investigate the mechanism of fluorescence enhancement by ZMWs, we
also measured fluorescence lifetimes of single ATTO 550 molecules in each substrate.
Histograms are shown in figure S2.7. Average fluorescence lifetimes of the molecules in
all substrates are presented in figure 2.3d. The average fluorescence lifetime of molecules
on glass is 2.5 ± 0.4 ns whereas the average values are 1.1 ± 0.5 ns, 1.1 ± 0.5 ns, 1.1 ± 0.5
ns, 1.2 ± 0.5 ns and 1.3 ± 0.6 ns for molecules for 100Al, 75Al, 50Al, 25Al and 100Au
respectively. This indicates that the fluorescence lifetime is decreased in all ZMWs.
Shortened fluorescence lifetimes are indicative of increased decay rates which might be
radiative or nonradiative. The enhanced fluorescence intensity and improved photostability
but shortening in fluorescence lifetime for molecules in 100Al, 75Al, and 25Al provide
further evidence of enhancement by increased decay rate. However, the fluorescence
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lifetime is also decreased for molecules in 50Al, which suggests an enhanced decay rate.
The decreased fluorescence lifetime and improved photostability for molecules in 100Au
suggest decay rate enhancement. Coupled with the lack of a significant increase in
fluorescence intensity, this indicates the presence of mostly nonradiative decay pathways.
A plot of the fluorescence intensity versus fluorescence lifetime of individual ATTO 550
molecules (figure 2.3e) indicates that the population of molecules in 100Al have shorter
lifetimes but are brighter than those on glass.
2.2.2

Fluorescence enhancement of ATTO 590
To determine if the increased ratio of Au led to better enhancement in molecules

with red-shifted emission, we measured the enhancement in each ZMW with ATTO 590
by comparing single-molecule fluorescence. 75Al induced the maximum fluorescence
enhancement (1.8-fold compared to glass) while the lowest was observed in 100Al
(identical to glass) (figure 2.4a & figure S2.8), indicating the best congruence between
75Al and ATTO 590. Enhancement of the fluorescence intensity of ATTO 590 molecules
in 50Al, 25Al, and 100Au are 1.5, 1.1, and 1.3 times glass, respectively. There is also a
decreasing trend in fluorescence intensity of single ATTO 590 molecules from 75Al to
100Au that signifies a red shift in the compatibility of ZMWs with increasing Au content.
Similar to ATTO 550, the photostability of single ATTO 590 molecules also increased in
all ZMWs (figure 2.4b & figure S2.9), indicating enhancement of the fluorescence intensity
by both increased excitation and decay rates. The magnitude of the improvement in
photostability varied among ZMWs. The increase in photostability was greatest in 25Al
(2.4 times to glass) and lowest in 100Au (1.3 times to glass). A scatter plot of the
fluorescence intensity versus photostability of individual ATTO 590 molecules also shows
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Figure 2. 3 (a) Average fluorescence intensity of single ATTO 550 molecules isolated on
glass and on the glass bottom of 100Al, 75Al, 50Al, 25Al, and 100Au. The fluorescence
enhancement for each ZMW is shown on top of the respective column, which is calculated
by direct comparison with glass. * indicates P<0.05, ** indicates P<0.001 (b) The survival
time of single ATTO 550 molecules isolated on glass and on the glass bottom of 100Al,
75Al, 50Al, 25Al, and 100Au. The survival time of single molecules in each substrate is
calculated by fitting the photobleaching time of isolated molecules with a single
exponential decay (c) Scatter plot comparison of fluorescence intensity versus
photobleaching time of single ATTO 550 molecules in 100Al (green) versus Glass
(black)(d) The average fluorescence life time of single ATTO 550 molecules isolated on
glass and on the glass bottom of 100Al, 75Al, 50Al, 25Al, and 100Au. (e) Scatter plot
comparison of fluorescence intensity versus fluorescence lifetime of single ATTO 550
molecules in 100Al (green) versus Glass (black).
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that a large fraction of molecules in 75Al are brighter and more photostable than those on
glass (figure 2.4c). Similar to ATTO 550, the fluorescence lifetime of ATTO 590 decreased
from 3.2 ± 0.4 ns on the glass to below 1.8 ± 0.8 ns (figure 2.4d & figure S2.10) for all
ZMWs, which is an indication of enhanced decay rates. Although the lifetime was
shortened in all ZMWs, ATTO 590 molecules in 100Al and 25Al exhibited a lower average
fluorescence intensity than the other ZMWs with values similar to glass. This suggests that
both radiative and non-radiative alternative decay pathways are present. Alternatively, the
observed maximum enhancement in fluorescence intensity coupled with shorter
fluorescence lifetimes for ATTO 590 molecules in 75Al indicates radiative decay pathways
account for the majority of the increased decay rate. A comparison of the fluorescence
intensity versus fluorescence lifetime of individual ATTO 590 molecules also shows that
75Al induced shorter lifetimes and enhanced fluorescence intensity compared to molecules
on glass (figure 2.4e).
2.2.3

Fluorescence enhancement of ATTO 610
We also tested ATTO 610 in each of the ZMWs. The maximum fluorescence

intensity (2.1-fold compared to glass) for single ATTO 610 molecules was in 25Al (figure
2.5a & figure S2.11). This is a further indication of the red shifting of the compatibility of
the ZMW with increased Au content. The fluorescence intensity was also enhanced for
molecules in other ZMWs with 1.4, 1.2, 1.5, and 1.8 times for 100Al, 75Al, 50Al, and
100Au, respectively. The photostability increased for single ATTO 610 molecules in
100Al, 75Al, and 50Al, which showed increases over glass of 1.5, 2.1, and 1.3-fold,
respectively. While the photostability was similar to glass for 25Al, it decreased by 44%
for 100Au (figure 2.5b & figure S2.12). Enhanced fluorescence intensity with improved
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Figure 2. 4 (a) Average fluorescence intensity of single ATTO 590 molecules isolated on
glass and on the glass bottom of 100Al, 75Al, 50Al, 25Al, and 100Au. The fluorescence
enhancement for each ZMW is shown on top of the respective column, which is calculated
by direct comparison with glass. * indicates P<0.05, **indicates P<0.001 (b) The survival
time of single ATTO 590 molecules isolated on glass and on the glass bottom of 100Al,
75Al, 50Al, 25Al, and 100Au. The survival time of single molecules in each substrate is
calculated by fitting the photobleaching time of isolated molecules with a single
exponential decay (c) Scatter plot comparison of fluorescence intensity versus
photobleaching time of single ATTO 590 molecules in 75Al (gold) versus Glass (black).
(d) The average fluorescence lifetime of single ATTO 590 molecules isolated on glass and
on the glass bottom of 100Al, 75Al, 50Al, 25Al, and 100Au. (e) Scatter plot comparison
of fluorescence intensity versus fluorescence lifetime of single ATTO 590 molecules in
75Al (gold) versus Glass (black).
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photostability for molecules in 100Al, 75Al, and 50Al indicates both excitation and decay
rate enhancement. Enhanced fluorescence intensity coupled with decreased photostability
in 100Au indicates excitation rate enhancement. A comparison of the fluorescence
intensity versus photostability of individual ATTO 610 molecules shows that a large
fraction of molecules in 25Al are brighter than those on glass (figure 2.5c).

The

fluorescence lifetime of single ATTO 610 molecules decreased in all ZMWs (figure 2.5d
& figure S2.13). The average fluorescence lifetime of molecules on glass was 2.7 ± 0.3ns,
whereas the average fluorescence lifetime of molecules in 100Al, 75Al, 50Al, 25Al, and
100Au was 1.6 ± 0.4 ns, 1.6 ± 0.3 ns, 1.6 ± 0.4 ns, 1.0 ± 0.3 ns, and 0.9 ± 0.4 ns,
respectively. The shortened fluorescence lifetime with improved photostability for
molecules in 100Al, 75Al, and 50Al indicates decay rate enhancement. Furthermore,
fluorescence intensity also increased for molecules in these ZMWs, which suggests the
decay pathways are radiative. Enhanced fluorescence intensity coupled with decreased
fluorescence lifetime but no significant changes in photostability for molecules in 25Al
suggest a combination of excitation and decay rate enhancement. In the case of molecules
in 100Au, the fluorescence intensity is increased with reduced photostability, which is a
signature of excitation enhancement. The fluorescence lifetime is also reduced, which
indicates decay rate enhancement. Molecules in 100Au likely exhibit both excitation and
decay rate enhancement, but the excitation rate enhancement is more prominent than the
decay rate, which ultimately shortened the photostability. A molecule by molecule
comparison of ATTO 610 in 25Al versus glass plotting fluorescence intensity versus
fluorescence lifetime shows that molecules in 25Al are shorter in lifetime but brighter than
those of glass (figure 2.5e).
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Figure 2. 5 (a) Average fluorescence intensity of single ATTO 610 molecules isolated on
glass and on the glass bottom of 100Al, 75Al, 50Al, 25Al, and 100Au. The fluorescence
enhancement for each ZMW is shown on top of the respective column, which is calculated
by direct comparison with glass. * indicates P<0.05, ** indicates P<0.001 (b) The survival
time of single ATTO 610 molecules isolated on glass and on the glass bottom of 100Al,
75Al, 50Al, 25Al, and 100Au. The survival time of single molecules in each substrate is
calculated by fitting the photobleaching time of isolated molecules with a single
exponential decay (c) Scatter plot comparison of fluorescence intensity versus
photobleaching time of single ATTO 610 molecules in 25Al (orange) versus Glass (black)
(d) The average fluorescence lifetime of single ATTO 610 molecules isolated on glass and
on the glass bottom of 100Al, 75Al, 50Al, 25Al, and 100Au. (e) Scatter plot comparison
of fluorescence intensity versus fluorescence lifetime of single ATTO 610 molecules in
25Al (orange) versus Glass (black).
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2.2.4

Fluorescence enhancement of ATTO 647N

We also compared the far-red fluorophore ATTO 647N in each of the ZMWs using 640
nm laser excitation. The maximum enhancement in fluorescence intensity was observed in
100Au, which was more than three-fold brighter than molecules on glass (figure 2.6a &
figure S2.14). The Fluorescence intensity also increased in the other ZMWs with changes
in fluorescence of 2.5, 1.8, 1.9, and 2.2 times in 100Al, 75Al, 50Al, and 25Al, respectively.
There is a clear trend of larger enhancement with increasing Au content, with the exception
that 100Al shows much better fluorescence intensity than expected which could arise from
an increase in excitation rate. The photostability of single ATTO 647N molecules in all
ZMWs decreased (figure 2.6b & figure S2.15). The survival time of ATTO 647N
molecules on glass is 79.6 ± 4.1 sec; however, the survival times are 26.5 ± 1.0 sec, 41.0 ±
1.0 sec, 32.8 ± 1.1 sec, 51.3 ± 1.0 sec and 32.1 ± 0.7 sec for molecules in 100Al, 75Al,
50Al, 25Al, and 100Au. This indicates that survival time is greatly reduced for molecules
in 100Al by 66.7%. The reduced percentage of survival times for molecules in 75Al, 50Al,
25Al, and 100Au is 48.5%, 58.8%, 35.6%, and 59.7%, respectively. A scatter plot of the
fluorescence intensity versus photobleaching time of individual ATTO 647N molecules
reveals that molecules in 100Au are brighter but less photostable than those on glass (figure
2.6c). Enhanced fluorescence intensity with reduced photostability indicates excitation rate
enhancement for molecules in all ZMWs. The fluorescence lifetime decreased for
molecules in all ZMWs (figure 2.6d & figure S2.16), which suggests decay rate
enhancement. Thus, both excitation and decay rate enhancement likely contribute to the
increased fluorescence intensity in all ZMWs. However, decay rate enhancement should
result in improved photostability, which was not observed. Both excitation and decay rate
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enhancement likely contribute to changes in fluorescence count rate. The decrease in
photostability indicates that the increased excitation rate plays a more prominent role. A
scatter plot of fluorescence intensity versus fluorescence lifetime of individual ATTO
647N molecules shows that molecules in 100Au are brighter but have shorter lifetimes than
those on glass (figure 2.6e).

2.3
2.3.1

EXPERIMENTAL
Nanofabrication of ZMWs
Five different types of ZMWs with different metal compositions were fabricated

according to published protocols63, 142. A combination of metal lift-off process and electron
beam lithography was performed to fabricate the ZMWs using the Center for Nanophase
Materials Sciences (CNMS) facilities at Oakridge National Lab, TN. Cleaned glass
coverslips were coated with adhesion promoter Microprimer P-20 (Shin-Etsu MicroSi, Inc)
by spin coating at 2000 rpm for 45 seconds, followed by spin coating of a high-resolution
negative tone polymer resist, NEB-22A (Sumika Corp.), also at 2000 rpm for 45 seconds.
The glass substrates were soft-baked on a hot plate at 110°C for 2 minutes. ZMW features
consist of 200nm diameter dots, were patterned using JEOL JBX-9300FS E-beam
lithography system with a base dose of 80 µC/cm2, 100kV acceleration voltage, and 500pA
beam current. After exposure, substrates were post-exposure baked at 95°c for 4 minutes.
The development process was done in Microposit MF-321solution for 30 seconds,
followed by rinsing in DI water and drying with nitrogen gas, leaving arrays of evenly
spaced pillars of NEB-22A. The glass substrates were then treated with oxygen plasma at
100W and 10 sccm O2 for 6 seconds in an Oxford Plasmalab System 100 Reactive Ion
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Figure 2. 6 (a) Average fluorescence intensity of single ATTO 647N molecules isolated on
glass and on the glass bottom of 100Al, 75Al, 50Al, 25Al, and 100Au. Fluorescence
enhancement for each ZMW is shown on top of the respective column, which is calculated
by direct comparison with glass. * indicates P<0.05, ** indicates P<0.001 (b) The survival
time of single ATTO 647N molecules isolated on glass and on the glass bottom of 100Al,
75Al, 50Al, 25Al, and 100Au. Survival time of single molecules in each substrate is
calculated by fitting the photobleaching time of isolated molecules with single exponential
decay (c) Scatter plot comparison of fluorescence intensity versus photobleaching time of
single ATTO 647N molecules in 100Au (red) versus Glass (black). (d) The average
fluorescence lifetime of single ATTO 647N molecules isolated on glass and on the glass
bottom of 100Al, 75Al, 50Al, 25Al, and 100Au. (e) Scatter plot comparison of
fluorescence intensity versus fluorescence lifetime of single ATTO 647N molecules in
100Au (red) versus Glass (black).
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Etcher to remove any residual resist. Metals deposition on the glass substrates was
carried out in a dual gun e-beam evaporator. A 5 nm chromium film was used as an
adhesion layer followed by a deposition of 100 nm of Al, Au, or a mixture of both. Mixed
metal ZMWs were achieved by depositing both metals simultaneously at different
deposition rates. Lift off process of NEB-22A was performed by submerging the devices
in Microposit Remover 1165 (NMP) for 30 minutes at 70°C in an NMP bath, and
subsequent sonication for 30 minutes resulted in arrays of round ZMW wells.
2.3.2

Single fluorophore binding
Single fluorophores were attached to cleaned glass substrates using biotin-

neutrAvidin linker chemistry. Biotin-PEG-Silane (Laysan Bio) at a concentration of
2mg/ml in 95% ethanol was allowed to bind on the surface for 30 minutes. Following
rinsing with 95% ethanol, 100µM biotin-binding protein, neutrAvidin (Sigma Aldrich) in
1x PBS buffer pH 7.0 was added and allowed to bind for 2 hours. After rinsing thoroughly
with 1x PBS buffer pH 7.0, biotin bound fluorophores (ATTO tech, Germany) in 1x PBS
buffer pH 7.0 were allowed to bind for 5 minutes. As NeutrAvidin has 4 binding sites for
biotin, non- fluorescent biotin was added with the fluorophore solution to avoid multiple
fluorophore binding with a single neutrAvidin molecule. To avoid nonspecific binding of
dye molecules on the wall of ZMWs, a protective coating of PVPA was employed by
adding 2% V/V aqueous solution of PVPA (Poly (vinyl phosphonic acid)) at 110°C for 2
minutes to the ZMW, followed by rinsing with DI water and let dry for 10 minutes at 80°C
on a hot plate. As PVPA has a higher binding affinity for metals than glass, it preferentially
binds with the metal wall of ZMWs84
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2.3.3

Single-molecule data acquisition
Time tagged data acquisition was performed using a confocal microscopy setup

equipped with an inverted Olympus IX 83 microscope. A SuperK Extreme
Supercontinuum Free Space Pulsed Laser was used as an excitation source. A piezo electric
stage (Mad City lab) was employed to raster scan a 30 x 30 - 50 x 50 µm2 area of the
substrate surface to detect the molecules immobilized on the surface. Excitation light was
focused on the substrate through a 60x, 1.45 NA oil immersion objective. Fluorescence
emission cleared of back scattered light by a dichroic mirror was passed through a 100µm
pinhole to remove defocused light. An avalanche photodiode detector (APD) was used to
detect emitted photons, and a time-correlated single-photon counter (TCSPC) counted
single-photon events. ATTO 550 molecules were excited at 532 nm filtered through double
excitation filters (ZET 532/10X, chroma), and the emission light was passed through an
ET 542 LP (Chroma) and ET 575/40M filter (Chroma). The excitation power was 1.03
µW. Both ATTO 590 and ATTO 610 molecules were excited with 594 nm laser light and
filtered through a single excitation filter (ZET 594/10X, chroma), and emission light was
passed through an HQ 650/75M filter. The laser power for ATTO 590 and ATTO 610 was
0.18 µW and 2.19 µW, respectively. ATTO 647N molecules were excited with 640 nm
laser light filtered through double excitation filters (ZET 640/10X, chroma), and the
emission light was passed through double ET 673/44M filters (chroma). Laser power was
1.25 µW.
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2.3.4

Data analysis

A custom MATLAB script was used to extract fluorescence intensity time trace data
and plot the fluorescence intensity vs. time for each molecule. The average fluorescence
intensity of each molecule was calculated by subtracting the average intensity of the time
points beyond photobleaching from the average intensity of the time points before
bleaching. The survival time of molecules in each substrate was calculated by fitting the
photobleaching times of single molecules with single exponential decay. The fluorescence
lifetime of each molecule was calculated by fitting the fluorescence lifetime histogram
using n- exponential deconvolution. Average fluorescence intensity was reported as mean
± SEM; however, both average survival time and fluorescence lifetime were reported as
mean ± SD.

2.4

CONCLUSIONS
We compared the effect of different ZMW structures on the photophysical properties

of fluorophores. This allowed us to determine how ZMW composition altered the
properties of fluorophores from different spectral regions. We observed shifts in the
spectral regions that exhibited the highest levels of fluorescence enhancement for ZMWs
composed of mixtures of Al and Au. 100Al ZMWs yielded the highest level of
enhancement for fluorophores that emit at higher energy, such as ATTO 550. We also
observed that the highest level of enhancement in 100Au occurred with far-red to nearinfrared fluorophores such as ATTO 647N. These shifts at different ratios of Au:Al allowed
us to tune interactions to match the emission of fluorophores that emit in the green and
orange regions of the visible spectrum. The photostability of ATTO 550 and ATTO 590
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molecules in all ZMWs was enhanced, which indicates both excitation and emission side
fluorescence enhancement. However, the photostability of ATTO 647N molecules in all
ZMWs was lowered, which suggests the observed fluorescence enhancement most likely
resulted from an increase in the excitation rate. Furthermore, the fluorescence lifetimes of
all fluorophores in every ZMW are significantly decreased, which indicates the presence
of alternate decay pathways from the excited state through interactions with ZMWs. These
studies illustrate that the properties of ZMWs can be tuned across the visible spectrum by
mixing the ratios of two metals. It also provides a map for the selection of fluorescence
tags for single-molecule studies in ZMWs.

2.5
2.5.1

SUPPLEMENTARY INFORMATION
Characterization of ZMWs
ZMWs were checked with an FEI-SEM integrated with Energy Dispersive

Spectroscopy (EDS) detector. SEM images of ZMWs were taken to check the size and
shape of ZMW holes and confirm the proper lifting off the resist. Elemental analysis of
mixed metal ZMWS was performed with EDS to verify the ratio of Al and Au.
2.5.2

Surface functionalization of glass coverslips
Glass coverslips were cleaned according to the same glass cleaning procedure

mentioned in the nanofabrication of the ZMWs section and glued to a petri dish by UVlight exposure for 1 hour. Biotin-PEG-Silane at a concentration of 2 mg/ml in 95% ethanol
was added to a glass coverslip for 30 minutes and rinsed thoroughly with 1X PBS buffer
pH 7.0. 100 µM biotin-binding protein neutrAvidin in 1X PBS buffer pH 7.0 was added
for 2.0 hours and rinsed thoroughly with 1X PBS buffer pH 7.0.
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2.5.3

Surface Functionalization of ZMWs
All five types of ZMWs, i.e., 100Al, 75Al, 50Al, 25Al, and 100Au, were cleaned

by thorough rinsing with GenPure 18 MΩ pure DI H2O, 100% ethanol, followed by plasma
cleaning with Harrick plasma cleaner for 5 minutes. To avoid nonspecific binding of dye
molecules on the wall of ZMWs, a protective coating of PVPA was employed by adding
2% V/V aqueous solution of PVPA (Poly (vinyl phosphonic acid)) at 110°C for 2 minutes
to the ZMW, followed by rinsing with DI water and let dry for 10 minutes at 80°C on a hot
plate. As PVPA has a higher binding affinity for metals than glass, it preferentially binds
with the metal wall of ZMW’s84. PVPA coated ZMWs were then functionalized with
biotin-neutrAvidin linker chemistry. 2 mg/ml Biotin-PEG-Silane (Laysan Bio) in 95%
ethanol was added to it for 30 minutes, rinsed with 1X PBS buffer 7.0 and 100 µM
neutrAvidin (Sigma Aldrich) in 1X PBS buffer 7.0, left idle for 2 hours to promote binding,
and finally rinsed with 1X PBS buffer 7.0 to remove any residual unbound neutrAvidin.
2.5.4

Reflectance spectrum measurement

Reflectance spectra were recorded using a 2-inch diameter integrating sphere (Thorlabs)
coupled with an Ocean Optics QEPro spectrometer equipped with a thermoelectrically
cooled CCD detector and an Ocean Optics Deuterium-Tungsten Halogen light source. The
substrates were placed against the exit port of the integrating sphere and angled slightly to
reduce specular reflection directly back to the entrance port.

2.6

SUPPLEMENTARY FIGURES:
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Figure S2. 1 Schematic of zero-mode waveguides with 200 nm diameter holes in a 100 nm
thick metal film (a) side view (xz plane) of an aluminum ZMW (b-f) 3-D view of 100Al,
75Al, 50Al, 25Al, and 100Au, respectively.
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Figure S2. 2 (a) Scanning electron microscope (SEM) image of an array of ZMW wells
showing proper lift-off resist polymer and (b) image of a ZMW well at higher
magnification.
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Figure S2. 3 Diffuse reflectance spectra of 100Al, 75Al, 50Al, 25Al, and 100Au. The
reflectance spectra of 100 Al and 100 Au matched published results for Al and Au thin
films. There is an obvious red shift in the surface plasmon with increased Au content in
mixed metal ZMWs. The results presented are semi-quantitative, as the system was not
calibrated for absolute determination of % reflectance.
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Figure S2. 4 Immobilization process of ATTO dyes through Biotin-PEG-Silane and
neutravidin linker (a) on a glass coverslip and (b) on the glass bottom of ZMW well. A
layer of Polyvinyl pyrrolidone acetate (PVPA) was coated on ZMW walls to prevent the
non-specific binding of ATTO dyes on ZMW walls.
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Figure S2. 5 (a) Fluorescence intensity of single ATTO 550 molecules isolated on glass
and (b-f)fluorescence intensity of single ATTO 550 molecules isolated on the glass bottom
of 100Al, 75Al, 50Al, 25Al, and 100Au, respectively.
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Figure S2. 6 (a) Survival time of single ATTO 550 molecules isolated on glass and (b-f)
survival time of single ATTO 550 molecules isolated on the glass bottom of 100Al, 75Al,
50Al, 25Al, and 100Au, respectively. Survival times of single ATTO 550 molecules in
each substrate were calculated by fitting the photobleaching time of isolated molecules
with a single exponential decay.
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Figure S2. 7 (a) Fluorescence lifetime of single ATTO 550 molecules isolated on glass and
(b-f)fluorescence lifetime of single ATTO 550 molecules isolated on the glass bottom of
100Al, 75Al, 50Al, 25Al, and 100Au, respectively.
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Figure S2. 8 (a) Fluorescence intensity of single ATTO 590 molecules isolated on glass
and (b-f)fluorescence intensity of single ATTO 590 molecules isolated on the glass bottom
of 100Al, 75Al, 50Al, 25Al, and 100Au, respectively.
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Figure S2. 9 (a) Survival time of single ATTO 590 molecules isolated on glass and (b-f)
survival time of single ATTO 590 molecules isolated on the glass bottom of 100Al, 75Al,
50Al, 25Al, and 100Au, respectively. Survival times of single ATTO 590 molecules in
each substrate were calculated by fitting the photobleaching time of isolated molecules
with a single exponential decay.
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Figure S2. 10 (a) Fluorescence lifetime of single ATTO 590 molecules isolated on glass
and (b-f)fluorescence lifetime of single ATTO 590 molecules isolated on the glass bottom
of 100Al, 75Al, 50Al, 25Al, and 100Au, respectively.
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Figure S2. 11 (a) Fluorescence intensity of single ATTO 610 molecules isolated on glass
and (b-f) fluorescence intensity of single ATTO 610 molecules isolated on the glass bottom
of 100Al, 75Al, 50Al, 25Al, and 100Au, respectively.
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Figure S2. 12 (a) Survival time of single ATTO 610 molecules isolated on glass and (b-f)
survival time of single ATTO 610 molecules isolated on the glass bottom of 100Al, 75Al,
50Al, 25Al, and 100Au, respectively. Survival times of single ATTO 610 molecules in
each substrate were calculated by fitting the photobleaching time of isolated molecules
with a single exponential decay.
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Figure S2. 13 (a) Fluorescence lifetime of single ATTO 610 molecules isolated on glass
and (b-f) fluorescence lifetime of single ATTO 610 molecules isolated on the glass bottom
of 100Al, 75Al, 50Al, 25Al, and 100Au, respectively.
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Figure S2. 14 (a) Fluorescence intensity of single ATTO 647N molecules isolated on glass
and (b-f) fluorescence intensity of single ATTO 647N molecules isolated on the glass
bottom of 100Al, 75Al, 50Al, 25Al, and 100Au, respectively.
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Figure S2. 15 (a) Survival time of single ATTO 647N molecules isolated on glass and (bf) survival time of single ATTO 647N molecules isolated on the glass bottom of 100Al,
75Al, 50Al, 25Al, and 100Au, respectively. Survival times of single ATTO 647N
molecules in each substrate were calculated by fitting the photobleaching time of isolated
molecules with a single exponential decay.
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Figure S2. 16 (a) Fluorescence lifetime of single ATTO 647N molecules isolated on glass
and (b-f)fluorescence lifetime of single ATTO 647N molecules isolated on the glass
bottom of 100Al, 75Al, 50Al, 25Al, and 100Au, respectively.
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PHOTOLUMINESCENCE ENHANCEMENT, BLINKING SUPPRESSION, AND
IMPROVED BIEXCITON QUANTUM YIELD OF SINGLE QUANTUM DOTS IN ZERO MODE
WAVEGUIDES
Reprinted (adapted) with permission from (DOI: 10.1021/acs.jpclett.1c00450 The Journal
of Physical Chemistry Letters 2021 12 (13), 3303-3311). Copyright (2021) American
Chemical Society.
3.1

INTRODUCTION
Quantum dots (QDs) have been extensively studied due to their potential application

in a variety of fields such as optoelectronics182-185, bio labeling, and bioimaging186-187. One
of the exceptional properties of QDs is their ability to populate both single excitonic (X)
and multiexcitonic (MX) energy levels and subsequently undergo either single-photon or
multiple photon emission48. The ability to control the extent of single and multiphoton
emissions is of interest for a number of applications. For example, in the field of quantum
communication, where single-photon emission is desirable, QDs with low MX emission
efficiency can be utilized as a single-photon source188-190. Multiphoton emission in QDs
has shown promise for applications in areas where materials of high optical gain are
desired, such as lasing190-191. Biexciton-exciton (BX-X) cascade, which leads to the
emission of two photons at a time from a single QD, can potentially be applied for quantum
computing192.
Despite the potential of QDs to be utilized for a wide range of applications, they
suffer from two significant drawbacks. (1) They exhibit fluorescence intermittency
(blinking) characterized by frequent transitions between photoluminescence (PL) intensity
on and off states125. PL blinking poses severe challenges to the utility of QDs as a singlephoton source due to the resulting interruption in photon supply193-194. (2) The MX
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quantum yield of QDs is also limited due to nonradiative auger recombination195. This
energy loss is due to the recombination energy of an e-h pair being used to excite an
electron or hole. Auger rates in MX systems can be 101-102 times faster than radiative
recombination rates, which leads to low emission quantum yields119. Off-state PL blinking
is potentially due to QD charging112 or the recombination of carriers with multiple nonradiative centers on the QD surface112, 127. Other models suggest that hot carriers (electron
or holes) can be trapped by surface states losing their energy through nonradiative
recombination and the loss of PL intensity. It is also possible that some carriers can avoid
these processes and cool down to the band edge and radiatively recombine, leading to a
contribution to the observed PL intensity112, 196. Passivating surface traps or moderating
auger recombination rates should then reduce PL blinking and improve quantum yields112.
A reduction in blinking has been observed when the QD surface was passivated with
organic ligands197-198. Auger recombination efficiency can be reduced by growing a thick
shell layer on a small QD core199,65. Core/shell-based QDs exhibit reduced auger rates with
almost non-blinking PL intensity200 and improved optical gain199.
An alternative approach to limit blinking utilizes the coupling of QDs to plasmonic
nanostructures65. In this approach, the inherent QD auger rates are not affected. Rather,
radiative recombination pathways become more efficient due to interactions between
plasmons and QDs65. Enhanced radiative decay rates compete with auger rates or any other
associated nonradiative rates that are responsible for fluorescence intermittency and that
normally reduce MX emission quantum yield. Plasmonic nanostructures are capable of
enhancing the local electric field due to plasmon resonances, which can ultimately both
increase the excitation intensity and alter the radiative decay rate of the QD62. While both

103

X emission and BX emission can be modified due to coupling with plasmons, the extent
of the enhancement is different. BX emission is enhanced at a higher rate than X emission
because BX excitation intensity is proportional to the fourth power of the local electric
field, while X excitation intensity is modified as the square of the field66, 190, 201. Several
previous studies have utilized nanostructures for PL intensity enhancement92,

202-205

,

blinking suppression206-207, and improving biexciton quantum yield (BX)119, 193, 208-210. The
magnitude of the changes in the optical and photophysical properties of QDs depends on a
wide range of factors, including the size and shape206-207, metal composition119, 208, and
orientation of the nanostructures211. Like other nanostructures, ZMWs can be used as a
nanoantenna, creating an enhanced local electromagnetic field within the apertures212.
ZMWs have the potential to modify the optical and photophysical properties of QDs. Like
other nanostructures, the plasmonic effect depends on the size, shape, and metallic
composition of the ZMWs, as well as the spatial position of the QD with regard to the metal
walls63. Here, we investigated the plasmon-assisted modification of the optical and
photophysical properties of single QDs immobilized in ZMWs.

3.2

RESULT AND DISCUSSION
A schematic diagram of the experimental setup for these studies is shown in Figure

1a. AlZMWs with 200 nm in diameter (figure S3.1) were fabricated according to published
protocols in 100 nm metal films63, 142, 213. Electron beam lithography (EBL) and lift-off
techniques were utilized to fabricate the ZMWs detailed in the Supporting Information.
Figure 1b shows the SEM image of an array of AlZMWs and a single AlZMW at higher
magnification. Commercially available core/shell QDs (Qdot 705 ITKTM carboxy
quantum dots, Thermofisher) were used for these studies. The core of the QDs is composed
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of CdSeTe, and the shell contains ZnS. The pyramidal-shaped QDs have an average size
of ~ 8 x 13 nm. The absorption (figure S3.2a) and PL spectrum (figure S3.2b) of bulk QDs
are shown in Supporting Information. The PL maximum was found to be at 708 nm with
an FWHM of 74 nm. Single QDs were immobilized on glass and in AlZMWs by using
EDC (1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide) as a linker (figure S3.3).
A custom-built confocal microscope was used to image single QDs. To understand
the influence of ZMWs on QD exciton behavior, we studied the PL intensity, decay rates,
blinking dynamics, and the photon correlation studies of QDs isolated in AlZMWs. QDs
immobilized on a glass substrate were used as a reference. To determine the distribution of
QDs, we raster-scanned an area of 50m x 50m on a glass surface and AlZMWs. Figure
2a,c shows the raster-scanned image of the QDs on glass and in AlZMW, respectively.
Only a fraction of the AlZMW wells is occupied with QDs. Among the total of 196 possible
wells with a 3.5m pitch between the wells in the 50m x 50m area, only 35 wells are
occupied with QDs, which is ~20% of the total wells. Based on a Poisson distribution of
QD occupancy, having less than 37% of the wells containing a QD is an indication of a
low probability of dual occupancy and a high probability of single-particle level isolation84,
214

.
We acquired the PL intensity of individual QDs on glass and in AlZMWs using the

same optical setup. Figure 3.2b,d shows PL intensity time traces of single QDs on glass
and in AlZMWs. In both cases, the PL intensity of QDs exhibits significant intermittency
characterized as a transition between states of high emissivity and the non-emissive
background level. Discrete blinking of PL intensity between on/off state signifies single
QD behavior66, 190. However, it is also notable in figure 3.2d that the PL intensity of the
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Figure 3. 1 Schematic of the setup used for photophysical studies of single QDs in ZMW.
(a) Single QDs immobilized in ZMWs are excited with a pulsed laser (532 nm), and the
filtered excitation laser is focused on the single QDs by using an oil immersion objective.
PL emission from the single QDs passes through the pinhole, which is then sent to APDs
and finally to TCSPC using suitable emission filters and the beam splitter. (b) SEM image
of an array of ZMWs and a single ZMW.
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QD in AlZMW is larger, and blinking is suppressed, which can be observed as an almost
unimodal distribution of the photon count histogram in comparison to the bimodal
distribution of the photon count histogram of the QD isolated on the glass substrate. On
average, the PL intensity of QDs in AlZMWs was ~2.5 times higher than QDs on glass
(figure 3.2e). The PL intensity enhancement observed for QDs in AlZMWs might be due
to an increased local electric field through plasmon resonance, which leads to an
enhancement in the excitation intensity. However, plasmon-assisted improvement in the
radiative decay rates of the single QDs and the collection efficiency of the emission might
also contribute to their PL intensity enhancement in ZMWs.
To gain insight into plasmon-mediated alterations in the decay rate of single QDs,
we acquired the PL lifetime of isolated QDs on glass and in AlZMW (figures 3.3a,b). PL
decay of QDs on glass best fits with a bi-exponential decay with a longer component that
averaged 1 = 60 ± 20 ns (figure S3.4a) and a faster component that averaged 2 = 5 ± 4 ns
(figure S3.4b). The longer and shorter PL lifetime components presumably represent the
neutral and charged (trion) X state of single QDs. The average amplitude for 1 (60 ± 20
ns) and 2 (5 ± 4 ns) was found to be 50% for each, which resulted in an overall weighted
average PL lifetime of 30 ± 10 ns (figure 3.3c). On the other hand, PL decay of QDs in
AlZMWs best fit with a triexponential decay of 1= 35 ± 9 ns (figure S5a), 2 = 8 ± 2 ns
(figure S5b), and 3 = 0.9 ± 0.2 ns (figure S3.5c) with an average amplitude of 10%, 30%,
and 60% respectively. In addition to the 2 components associated with X decay, the subnanosecond decay component is attributed to BX decay. Taking the weighted average
based on the amplitude of all the decay components, the average PL lifetime of QDs in
AlZMWs was 6 ± 3 ns (figure 3.3d). Thus, the decay rate of QDs in AlZMWs is enhanced
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Figure 3. 2 PL intensity enhancement and blinking suppression of single QDs in ZMW. (a)
Raster scanned image of the QDs immobilized on a 50µm x 50µm area of the glass
substrate. (b) PL intensity time trace of a single QD immobilized on glass, with the bimodal
distribution of the PL intensities representing on/off blinking states (top panel), the blue
straight line is used to distinguish the on/off blinking events. (c) Raster scanned image of
the QDs immobilized in a 50µm x 50µm area of AlZMW. (d) PL intensity time trace of a
single QD immobilized in AlZMW, with an almost unimodal distribution of the PL
intensities signifying blinking suppression (bottom panel), the blue straight line is used to
distinguish the on/off blinking events. (e) Average PL intensity of individual QDs
immobilized on glass (black bars) and in AlZMW (red bars), single QDs in AlZMWs
exhibit enhancement in PL intensity.
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by ~5 times. However, the enhanced decay rate might be due to radiative or nonradiative
pathways. If the enhancement in the decay rate is due to a radiative pathway, then the
photoluminescence quantum yield (PLQY) should be improved. Similarly, the PLQY of
QD should be quenched if the increase in the decay rate is from a nonradiative decay
pathway. At low excitation intensities, enhancement in PL intensity (PL) is the product of
three contributing factors- excitation intensity enhancement (exc), an improvement in
quantum yield (), and an increase in collection efficiency of the emission (k)75. Thus,
we can write PL = exck. Considering that the experimentally determined PL = 2.5, is
already known, we can determine  by quantifying exc and k. Excitation enhancement
(exc) can be estimated by calculating the distribution of the near field around a dipole in
the presence or absence of a ZMW at a given excitation wavelength. We utilized the finite
difference time domain (FDTD) simulations to calculate the near field distribution in an
AlZMW at 532 nm (figure 3.3e). Averaging the near field enhancement over the entire
ZMW hole gives approximately a 2-fold enhancement in the local electric field in
AlZMWs. Alternatively, plasmon-mediated enhancement in excitation intensity (exc) of
QDs can be computed from the amplitude of X (ax) and BX (abx) decay lifetimes where the
amplitude ratio of these two decays represents excitation intensity enhancement, regardless
of the emission process215. Calculating the amplitude ratios (abx/ax1+ax2) of single QDs
reveals an average value of 2.0 ± 0.7, representing the excitation field enhancement in
AlZMW. ax1 and ax2 are denoted by the amplitude of neutral and charged X decay. These
results are almost similar to those obtained from FDTD simulations (figure 3.3f).
Plasmonic nanostructures can modify the radiation pattern or angular distribution of
the emission intensity of the emitters, in addition to their ability to alter the excitation and
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Figure 3. 3 Shortening in PL lifetime and enhancement in excitation intensity of single
QDs in ZMW. (a) PL lifetime decay of a single QD immobilized on glass, best fitted with
a biexponential decay. (b) PL lifetime decay curve of a single QD immobilized in AlZMW
and the curve best fit with a triexponential decay giving rise to an additional subnanosecond PL decay component attributed to biexciton decay. (c) PL lifetime (weighted
average) histogram of the single QDs immobilized on glass. (d) PL lifetime (weighted
average) histogram of the single QDs immobilized in AlZMW exhibiting a clear reduction
in the PL lifetime in comparison to the QDs on the glass as shown in figure 3.3c. (e) Near
electric field distribution in an AlZMW, estimated by FDTD. The color bar represents the
magnitude of enhancement in near electric field inside the AlZMW, which is calculated by
dividing the near electric field in AlZMWs by that of the near electric field in the glass.
The color bar is drawn in logarithmic scale (f) Average enhancement in excitation intensity
by using FDTD and from the ratio of the amplitudes of the biexciton and exciton lifetimes
(abx/ax).
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decay processes of the emitters70-71, 216. We anticipate that the enhancement due to an
increased collection efficiency will be minimal217. Thus, we adopted a value for the
enhancement in collection efficiency (k) of 1.5 as has been used for similarly sized
ZMWs75. Nanostructures hold both localized and also propagative surface plasmon
modes218. Radiation coupled to propagative modes is lost, as they do not reradiate to the
far-field. The propagative mode character of a single nanopore can be determined by
calculating the relative magnitude of the real and imaginary part of the propagation
constant ()36, 216. A larger value of the real part or smaller value of the imaginary part of 
corresponds to greater propagation36, 216. In general, the real part of  increases with the
increasing diameter of the nanoaperture36,

216

. The 200 nm diameter of our ZMWs is

considerably smaller in comparison to the NIR emission of the QDs used here, indicating
insignificant interaction with the surface plasmon polaritons of AlZMWs. Thus, a 2-fold
enhancement in excitation intensity and 1.5-fold enhancement in collection efficiency
indicates that  is decreased in AlZMWs. Quenching of PLQY of QDs in AlZMWs is not
surprising because the inherent PLQY of QDs is high (~70%). We can verify the
improvement in radiative/non-radiative decay rates using the following expression
(adopted from Masuo et al., 2016), where the enhancement in radiative and nonradiative
decay rates of QDs in AlZMWs can be expressed as48 (detailed equations can be found in
Supporting Information):
r =

Iz g

1

1

Ig z exc 𝑘

nr =

g
z

( )− g r
(1−g )

Equation 3. 1

Equation 3. 2
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Where, exc, r, nr and  represent enhancement in the excitation intensity, radiative
decay rate, nonradiative decay rate, and collection efficiency, respectively; I,  and  refer
to the PL intensity, the PL lifetime, and PLQY of QD, respectively. The subscript z and g
represent the QD in AlZMW and on glass, respectively.
Using the obtained experimental value of the PL intensity enhancement factor PL
= 2.5, the PL lifetime enhancement factor,

g
z

~ 5, the excitation intensity enhancement

factor exc ~ 2 and enhancement in collection efficiency k = 1.5 the enhancement factor
for the radiative decay rate is found to be r ~ 4.3. Considering the PLQY of QDs in
aqueous solution as g ~ 0.7, the enhancement factor for the nonradiative decay rate is
found to be nr ~ 7.0. The enhancement in nr is most likely due to non-radiative energy
transfer from the QDs to the metal surface of the AlZMWs.
However, an overall enhancement in total decay rate has the potential to modify
blinking dynamics by competing with and lowering the probability of transitions into states
responsible for off-state blinking. To investigate if enhancement in total decay rates
depressed the frequency of blinking of single QDs in AlZMW, we studied the distribution
of the on and off characteristics of individual QDs immobilized on glass and in AlZMW.
On/off-state events in the PL intensity trace of single QDs were identified by setting up a
threshold PL intensity value, shown as the straight blue line in figure 3.2a,b. PL intensity
values lying above this threshold value are designated as on-state events, whereas PL
intensity values lower than this threshold are considered off-state events.
Figures 3.4a,b shows the distributions of on/off state blinking events of a
representative single QD on glass and in AlZMW, respectively. Distribution of on/off state
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events fit well (r2 ≥ 0.99) with a power equation; N(t) = a*t-α, where N(t) is the number of
blinking events at time t and  is the power coefficient. The power coefficient values for
on/off-state blinking events (on/off) are found to be within the range of 1.0 - 2.0, which
signifies the discrete blinking behavior of single QDs141 both on glass and in AlZMW.
However, the relative value of the (on/off) of a single QD is also the determinant of the
extent of on/off-state blinking events in that QD. Thus, the larger off (1.95) value in
comparison to the on (1.20) of a QD in an AlZMW indicates the faster off-state blinking
events correspond to lower off-state residence in AlZMWs. Likewise, similar values for
the coefficients (on/off), (1.44/1.36) for QDs on glass indicate a nearly equal share of
on/off-state duration in the PL intensity time trace. To further elucidate the effect of ZMWs
on the blinking dynamics of single QDs, we computed the average duration of off-state
events on glass and in AlZMWs. The average length of off-state events was calculated by
dividing the total time a QD spent in an off-state by the total number of off-state events.
Figures 3.4c,d shows the off-state blinking duration of QDs immobilized on glass and in
AlZMW. The average off-state blinking duration of QDs is reduced by a factor of 3 from
140.0 ± 5.0 ms on the glass to 45.0 ± 2.0 ms in AlZMWs. The results provide further
evidence that plasmon-QD interactions shorten the off-state events in AlZMW.
The surface plasmon spectrum of nanostructures is relatively broad, allowing for
modification of both the X and BX emission processes of QDs205. Thus, a QD immobilized
in an AlZMW is expected to experience a plasmonic effect on both X and BX processes.
To understand the plasmonic impact of AlZMWs on X and BX processes of single QDs,
we performed photon correlation spectroscopy (PCS) of the emitted photons from single
QDs immobilized on glass and in AlZMW using a Hanbury Brown - Twiss (HBT) optical
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Figure 3. 4 Blinking suppression of single QDs in ZMWs. (a) Distribution of the on/off
state blinking events of a representative QD immobilized on glass, the distribution fits well,
with the power equation, N(t) = a*𝑡 −𝑎 ; the power co-efficient for the on-state blinking
distributions (green triangles), 𝑎𝑜𝑛 = 1.44 and the power co-efficient for the off-state
blinking distributions (orange triangles), 𝑎𝑜𝑓𝑓 = 1.36. (b) Distribution of the on/off state
blinking events of a representative QD immobilized in AlZMW, which also fits well with
power equation, N(t) = a*𝑡 −𝑎 ; the power co-efficient for on-state blinking distributions
(green circles), 𝑎𝑜𝑛 = 1.20 and the power co-efficient for the off-state blinking distributions
(orange circles), 𝑎𝑜𝑓𝑓 = 1.95. (c) Average duration of the off-state blinking events of
individual QDs on glass. (d) Average duration of the off-state blinking events of individual
QDs in AlZMW.
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setup121. In a single-photon regime, cross-correlation of the photons arrived at two APDs
results in an insignificant correlation at zero delay time ( = 0)119. However, a significant
correlation value at zero delay time corresponds to multiphoton emission events119. Figures
3.5a,b shows the second-order correlation coefficient g2() values of emitted photons from
a QD on glass and in AlZMWs, respectively. It is evident that the second-order correlation
at zero delays is very low for the QD on the glass (figure 3.5a), which is a signature of the
antibunching character indicating single-photon emission during each excitation pulse65.
Thus, X emission is the major contributor to the PL intensity of QDs on the glass. The
relative contribution of X and BX emission can be quantified using low laser power by
taking the area ratio of the central peak ( = 0) to the side peaks( = time interval between
pulses)123.
BX
Area of the central peak
=
X
Area of side peak
where, X and BX represent X and BX quantum yield, respectively. We computed the area
ratio of the central peak to the average area of the side peaks of the individual QDs on glass
and AlZMW, and the area ratio is denoted as g2(0). We found the average g2(0) value of
0.1 ± 0.1 (figure 3.5c) for the QDs on glass. Thus, the contribution of BX emission is
approximately 10% of X emission for QDs on the glass. The small BX of QDs on glass is
likely due to the nonradiative recombination of biexcitons through an efficient auger
recombination process66. In contrast to glass, QDs in AlZMWs do not exhibit antibunching
behavior, as evidenced by a rise in the central peak (figure 3.5b). The area of the central
peak is similar to that of the side peaks, which indicates the enhancement of BX emission65.
The average g2(0) value of single QDs was 1.5 ± 0.3 (figure 3.5c) for the QDs in AlZMW.
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Thus, the BX of single QDs is enhanced by approximately 15 times in AlZMWs, making
it larger than X (BX > X). This larger enhancement of the BX in AlZMWs could be the
result of a decrease in auger rates for BXs or alternatively in a more substantial increase of
BX radiative rate (Kr,BX) as compared to the X radiative rate (Kr,x) of QDs as a result of
coupling with AlZMW surface plasmons119.
The MX radiative decay scales as the square of the number of excitons indicating
that the radiative rate for biexcitons must be enhanced in excess of four times the exciton
radiative rate in order to overcome the higher BX auger rates of biexcitons.119 It has been
proposed that QDs could generate multipole components leading to coupling with the
multipole plasmon modes of a gold film119. This is unlikely to occur in an exciton where
dipoles dominate119. In the absence of a plasmonic structure, biexcitons can align such that
it leads to rapid non-radiative auger recombination119. However, in the proximity of a
plasmonic nanostructure, a biexciton which could be considered as a combination of two
dipoles or, in other words, a quadrupole, can couple radiatively with the relatively more
abundant quadrupole plasmon modes of nanostructures119. Thus, plasmon-QD interaction
can preferentially enhance the Kr,BX in comparison to the Kr,x and also can potentially lower
the BX auger rates119. We believe a similar concept is applicable to the significant
enhancement in BX of QDs in AlZMWs where the BXs couple strongly with the
quadrupole plasmon modes of AlZMWs in comparison to their X counterpart. This would
enhance the Kr,BX more significantly than Kr,x. On the excitation side, significant
enhancement in BXs can be explained by the more substantial effect of the plasmonenhanced excitation intensity on BXs compared to Xs. Plasmonic nanostructures have been
shown to enhance the local electric field due to the excitation of surface plasmons,
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increasing the excitation intensity of nearby QD66. The population of Xs and MXs are both
increased but to a different extent. The absorption of QDs follows a Poisson distribution,
and the possibility of creating the mth exciton is described by equation 3.3 (adopted from
Dey et al. 2018)66,

Pm−th =

(exc <N>)m e−exc <N>
m!

(3.3)

Where, m = 1 for X, m = 2 for BX, and so on. < 𝑁 > is the average number of photons
absorbed per pulse, exc= enhancement in excitation intensity of QDs in AlZMW.
Thus, with the 2-fold enhancement in excitation intensity of QDs in AlZMW (exc
= 2), the probability of X generation is increased by 2-fold. However, the probability of
BX generation is enhanced by 4 times. The BX excitation rate of QDs is then increased to
a more significant extent than the X excitation rate. Thus, AlZMWs likely increase the
probability of generating BXs to a greater extent than Xs in QDs, and BX recombination
channels become more efficient due to their resonant coupling with the plasmon
quadrupole modes of AlZMWs119. Increased BX has been observed in the case of other
QD-nanostructure systems, including QDs coupled with a rough Au surface119, 219, Au
nanoparticle66, 190, nanorods65, or a nanogap between Au nanorods and an Au film205. Park
et al. also observed a significant enhancement in BX of single QDs on a rough Ag
surface208. However, they postulate that instead of an improvement, both the Kr,BX and Kr,X
are quenched and Kr,BX is quenched to a lesser extent than the Kr,X which makes
BX/X >1208. In this case, quenching of the radiative rates also results in a significant
decrease in PL intensity. We did not observe a decrease in the PL intensity, suggesting that
this is not the mechanism for QDs in AlZMWs. The differences in our observations could
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be due to the PVPA protective layer used to prevent non-specific binding of QDs on the
metal walls of the ZMWs in contrast to studies using metal films where the QD is directly
in contact with the surface. A scatter plot of the PL intensity of single QDs with their
individual BX/X ratio further demonstrates the enhancement of BX in AlZMW (figure
3.5d). To investigate if the plasmon-mediated alteration in photon statistics has any effect
on the PL spectrum, we compared the PL spectrum of a single QD in AlZMW with the PL
spectrum of a single QD on glass (figure 3.5e).
There was no observable difference between the spectra. There was no indication of an
extra peak at the high energy side, which indicates that most of the higher-order excitons
emitted from the QD are BX66. The absence of peaks for triexcitons or other higher-order
excitons is presumably due to the lower intensity excitation source, which might not be
sufficient to excite that higher energy excitons66. The BX emission spectra often exhibit a
redshift of 15-20 meV, which is equivalent to 4-6nm from the X emission spectrum48, 66,
191, 220

. This shift is difficult to distinguish at room temperature with a large FWHM (~ 42

nm) and was not observed in our data. One important point to mention that the width of the
g2() peaks became narrower for QDs in AlZMW compared to QDs on glass. The average
FWHM value of the g2() on glass is 66 ± 2 ns, whereas it reduces to 36 ± 3 ns (figure
S3.6) in AlZMWs. This narrowing is an indication of a shortened excited state lifetime
which is supported by the measured ~5-fold decrease in PL lifetime of the QDs in
AlZMWs. Shortening in the PL lifetime of QDs in AlZMWs likely results from nonradiative energy transfer from the excited state to the ZMW metal and the recombination
of excitons to the plasmon modes of AlZMWs.119 Key results from the modification in the
photophysical behavior of QDs due to AlZMWs are summarized in Table 3.1.
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Figure 3. 5 Bunching character of emitted photons from single QDs in ZMW, representing
enhanced biexciton yield. (a) Second-order cross-correlation (g2()) of the photons emitted
from a single QD immobilized on glass, the insignificant correlation value at zero delay
time ( = 0) corresponds to the antibunching character of the photons. (b) Second-order
cross-correlation (g2()) of the photons emitted from a single QD immobilized in AlZMW,
a significant rise of the correlation value at zero delay time ( = 0) corresponds to the
bunching character of the photons. (c) An average g2(0) value (area ratio of the central peak
( = 0) to the average area of the side peaks ( = time interval between pulses)) of the QDs
immobilized on glass and in AlZMW, exhibiting an increased g2(0) value corresponding
to the enhanced BX of the QDs in AlZMW. (d) A Scatter plot of the g2(0) value VS PL
intensity of single QDs immobilized on glass (black circles) and in AlZMW (red circles).
(e) PL spectrum of a single QD on glass and in AlZMW.
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Table 3. 1 Key photophysical changes of QDs in ZMWs

Enhancement in PL intensity (PL)

2.5x

Enhancement in excitation intensity (exc)

2.0x

Enhancement in radiative decay rate (r)

4.3x

Enhancement in nonradiative decay rate (nr)

7.0x

Reduction in an off-state event duration

3.0x

Enhancement in biexciton quantum yield

15.0x
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3.3

CONCLUSION
In conclusion, we studied the effect of AlZMWs on the photophysical properties of

QDs. We found a 2.5-fold enhancement in PL intensity resulting from a 2-fold
enhancement in excitation intensity due to the increased local electric field, 1.5-fold
enhancement in collection efficiency, and slight quenching in the PLQY of QDs. We also
calculated changes in radiative and nonradiative decay rates of QDs isolated in AlZMWs.
We found a  4.3-fold enhancement in the radiative decay rate and a 7.0-fold increase in
nonradiative decay, which resulted in the slight quenching of PLQY. We also investigated
the influence of plasmon-QD interactions on X and BX emission processes and found that
the BX of QDs is increased by  15 times. The large enhancement in BX indicates that
plasmon-QD interactions lead to a more efficient decay of BX radiative pathways. We also
observed less blinking for QDs in AlZMWs, which presumably resulted from an enhanced
decay rate that accelerated the e-h recombination process in QDs.

3.4
3.4.1

SUPPORTING INFORMATION
Nanofabrication of ZMWs.
AlZMWs were fabricated according to a published protocol63, 142, and a detailed

procedure for the fabrication can be found in section 2.3.1 (Nanofabrication of ZMWs) of
this document.
3.4.2

Single QD binding on glass coverslips
Glass coverslips were cleaned according to the same glass cleaning procedure

mentioned in the nanofabrication of the ZMWs section and glued to a petri dish by UVlight exposure for 1 hour. Cleaned glass coverslips were silanized by binding 2% APTES
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in ethanol for 30 minutes. After the removal of excess APTES by ringing with ethanol,
single QDs were allowed to attach with the surface amino group from APTES by using
EDC as a linker at the QD to EDC dilution ratio of 1:1000.
3.4.3

Single QD binding in AlZMW
AlZMWs were cleaned by thorough rinsing with GenPure 18 MΩ pure DI H2O,

100% ethanol, followed by plasma cleaning for 5 minutes. A protective layer of PVPA
(Poly (vinyl phosphonic acid)) was applied on Al ZMW wall by adding 2% (v/v) of this
aqueous solution for 2minutes, followed by rinsing with DI water and subsequent drying
for 10 minutes at 80°C on a hot plate. PVPA has a higher binding affinity for metals than
glass, and it preferentially binds with the metal wall of AlZMW84. Like glass, single QDs
were immobilized on the glass floor of AlZMW by coupling of an amino group from
APTES and a carboxy group of QDs using EDC as a linker. Concisely, the glass floor of
AlZMWs was amino passivated by adding 2% APTES in ethanol and allowed to bind for
30 minutes. After removal of access APTES by ringing with ethanol, single QDs were
allowed to bind with the surface amino group from APTES by using EDC as a linker at the
QD to EDC dilution ratio of 1:100.
3.4.4

Single QD data acquisition
Time tagged data acquisition was performed using a custom-built confocal

microscope setup on an inverted, dual-stack Olympus IX-83 microscope. Single QDs
immobilized on glass or in ZMWs were placed on a piezoelectric nano stage (Mad city lab)
and raster-scanned on an area of 50x50µm2 to image the single QDs. 532 nm pulsed laser
was used as an excitation source for QDs in AlZMW. The repetition rate of the pulsed laser
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was 5MHz for all of the studies, including PL intensity, PL lifetime, photon correlation,
and single-molecule level PL spectrum measurement of the QDs. The excitation laser was
focused on the sample by using an Olympus 60X 1.45 NA oil immersion objective. Emitted
PL from QDs was collected by the same objective and focused on a 100m pinhole to
remove defocused emission. PL emission was then directed to the APDs. A 542LP and a
745SP filter were used as emission filters. For photon correlation studies, a 50/50 beam
splitter was placed before the emission filters to equally distribute the emitted photons from
single QDs between two APDs. All time-correlated data were acquired by using timecorrelated single-photon counting (TCSPC) setup equipped with a picoharp 300 in timecorrelated time-resolved (TTTR) mode. Measurement of the PL spectrum of a single QD
was performed using an Acton SP 2150i spectrograph (Princeton Instruments) coupled
with an Andor Xyla (scmos) CCD camera. Briefly, a portion of the PL emission from single
QDs was filtered through a 542 LP and then transferred to the spectrograph. Commercially
available Symphotime 64 software was used for data acquisition and data analysis.
3.4.5

Data analysis
A custom MATLAB script was used to extract PL intensity time trace data and plot

the PL intensity vs. time (s) for each molecule. The average PL intensity of each QD was
calculated by background-subtracted PL intensity within 200 s of data acquisition time.
The PL lifetime of each molecule was calculated by fitting the PL lifetime histogram using
n-exponential deconvolution. On/off state blinking events were distinguished in the PL
intensity time trace by setting up a threshold intensity value of M ± 4 where M is the
average intensity of the background and  is the standard deviation of the background
intensities. PL intensity values higher than the threshold were considered as on-state
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events, and lower than the threshold were the off-state events. The average duration of an
on/off state event was calculated by dividing the total on/off state duration with the number
of respective on/off state blinking events. All of the average values were reported as mean
± SD.
3.4.6

Measurement of the absorption and PL spectrums of bulk QDs
The absorbance spectrum of the QDs was collected on a Thermo Scientific™

Evolution 201 UV-visible spectrophotometer at a 600 nm/min scat rate and 0.1 s
integration time. The photoluminescence measurements were collected on a Horiba
Scientific FluoroMax Plus-C fluorimeter. The steady-state PL spectrum was obtained using
532 nm excitation, 0.1 s integration time, and 2.5 nm bandpass at both the entrance and
exit slits.
3.4.7

Measurement of the photoluminescence quantum yield of bulk QDs
For absolute quantum yield measurements, the fluorometer was equipped with an

integrating sphere. Both the sample and a solvent blank were scanned using 532 nm
excitation, 0.6 nm bandpass entrance and exit slits, and an integration time of 1 s. The
emission scan range was selected to include both the PL and the Rayleigh scattering of the
excitation wavelength. PLQY was calculated using the Horiba Scientific FluorEssence™
software and incorporated a factory acquired integrating sphere correction. The PLQY was
calculated according to the equation: 𝑃𝐿𝑄𝑌 =

𝐸𝑎 −𝐸𝑐
𝐿𝑐 −𝐿𝑎

× 100% where Lc and La are the

integrated excitation intensities (obtained from the Rayleigh peaks) of the blank and
sample, respectively, while Ea and Ec are the integrated emission intensities of the sample
and blank, respectively.
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3.4.8

FDTD Simulation setup
Finite-Difference Time-Domain (FDTD) simulations were performed using the

commercially available software FDTD SOLUTIONS221 developed by Lumerical, Inc 221222

. The FDTD simulations were used to calculate and plot the interaction of the incident

light (electromagnetic field) with the nanoholes on the Al thin films. In the simulations, x,
y, and z-axis boundaries were defined by Perfectly Matched Layers (PML) to ensure that
no light is reflected back into the simulation’s region from the simulation region
boundaries. For meshing the simulation region, the conformal mesh was used to address
the issue of the usage of different materials. The Al ZMW consisted of a cylindrical
nanohole with a diameter of 200 nm (i.e., with a radius of 100nm) and a height of 100 nm
that were etched into 100 nm thick films of Al. The Al film was placed on the top of the
silica coverslip (SiO2), and the surrounding medium was water (background refractive
index of 1.33). The incident light was a monochromatic plane wave with an excitation
wavelength of 532 nm (λexc = 532 nm) projected from the bottom (below the nanoholes)
with the propagation direction along the +z axis. The polarization direction of the incident
electromagnetic field was along the x-axis (see Figure S3.1). The simulations were
performed at an environmental temperature of 300K. A two-dimensional (2D) frequencydomain field and power monitor were placed along the x-z plane placed right in the middle
of the ZMW to record the distribution of the electric field in the immediate vicinity of the
nanoholes, metal film, coverslip, and background water (optical near-field distributions).
All post-processing of the data was done in MATLAB. Enhancement in the electric field
in AlZMW was calculated by averaging the electric field enhancement over the plane 5 nm
inside the aperture, 5nm region near the metal edges was not considered223.
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Figure S3. 1 FDTD Simulation setup
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3.4.9 Equations for calculating the enhancement of the radiative and non-radiative
decay rates (adopted from Masuo et al.)48.
The enhancement in PL intensity of QDs in AlZMW is represented as
𝑃𝐿 =𝐼𝑧 /𝐼𝑔 =

𝑒𝑥𝑐,𝑧 𝑧
𝑒𝑥𝑐,𝑔 𝑔

𝑘 = 𝑒𝑥𝑐

𝑧
𝑔

𝑘

Equation S3. 1

where I, 𝑒𝑥𝑐 and  refer to the PL intensity, the excitation intensity, and PLQY of QD,
respectively; The subscript z and g represent the QD in AlZMW and on glass, respectively;


𝑒𝑥𝑐 =  𝑒𝑥𝑐,𝑧 represents the excitation intensity enhancement factor due to the AlZMW. 𝑘
𝑒𝑥𝑐,𝑔

represents an enhancement in the collection efficiency of photons in AlZMWs.
Enhancement in PLQY can be written as,
𝑧
𝑔

=

𝐾𝑟,𝑧 𝐾𝑟,𝑔 +𝐾𝑛𝑟,𝑔
𝐾𝑟,𝑔 𝐾𝑟,𝑧 +𝐾𝑛𝑟,𝑧

= 𝑟

𝑧
𝑔

Equation S3. 2

Where,𝐾𝑟 , 𝐾𝑛𝑟 and 𝑡 represent radiative, non-radiative decay rates and the PL lifetime of
QD, respectively;𝑟 =

𝐾𝑟,𝑧
𝐾𝑟,𝑔

represent the radiative decay enhancement factor. By

rearranging equation S3.1 and equation S3.2, the enhancement factor of the radiative decay
rate can be written as,
𝐼 

𝑟 = 𝐼𝑧 𝑔 
𝑔 𝑧

1
𝑒𝑥𝑐

1

Equation S3. 3

𝑘

Again, PL lifetime ratio terms can be written as,
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𝑔
𝑧

= 𝑔 𝑟 + (1 − 𝑔 )𝑛𝑟

Where, 𝑛𝑟 =

𝐾𝑛𝑟,𝑔
𝐾𝑛𝑟,𝑧

is the enhancement factor of the non-radiative decay rate. Thus, by

rearrangement of eq.4, 𝑛𝑟 =

3.5

Equation S3. 4

𝑔
(  )− 𝑔 𝑟
𝑧

Equation S3. 5

(1−𝑔 )

SUPPLEMENTARY FIGURES

Figure S3. 2 Schematic of zero-mode waveguides having 200 nm of diameter and 100 nm
metal wall thickness (a) side view (xz plane) of an aluminum ZMW (b) 3-D view of an
AlZMW.
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Figure S3. 3 (a) Absorption spectrum of bulk QDs (b) PL spectrum of bulk QDs.
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Figure S3. 4 Schematic diagram for immobilization of a single QD on glass and in AlZMW.
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Figure S3. 5 (a) Exciton lifetime of single QDs on glass at neutral state (b) Exciton lifetime
of single QDs on glass at charged state.
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Figure S3. 6 a) Exciton lifetime of single QDs in AlZMW at neutral state (b) Exciton
lifetime of single QDs in AlZMW at charged state c) Biexciton emission lifetime of single
QDs in AlZMW.
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Figure S3. 7 FWHM of the g2() of QDs on glass and in AlZMW
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SINGLE-MOLECULE FLUORESCENCE ENHANCEMENT BY THE SYNERGISTIC
COMBINATION OF A NANOAPERTURE AND A NANOPARTICLE

4.1

INTRODUCTION
Plasmonic nanostructures have been widely studied for their potential application in

numerous fields such as nanophotonics224-226, biosensors227-228, and bio-imaging229-231. One
of the key properties of the nanostructures for practical application is their capabilities to
modulate the optical and photophysical properties of the fluorophores residing nearby41,
232

.
The plasmonic nanostructures can be classified into two broad categories:

nanoparticles and nanoapertures. Nanoparticles are usually fabricated by both bottom-up
and top-down approaches where nanoparticles of various sizes and shapes are synthesized
by different chemical or physical methods233 whereas nanoapertures are fabricated utilizing
the top-down approach where sophisticated lithography techniques are usually employed
to make the nano apertures of desired size and shape142. With the advancement in nanolithographic techniques, it is possible to fabricate the nanoapertures with high accuracy and
acceptable resolution36, 70, 96, 98, 223, 234. One of those nanoaperture types that has shown
significant promise for single-molecule detection at the physiologically relevant
concentration is zero-mode waveguides (ZMWs).
As already been mentioned previously, another remarkable property of the ZMWs
is their potential for single-molecule fluorescence enhancement. Like other metal
nanostructures, ZMW holes inscribed in a metal film can also absorb the light to excite the
localized surface plasmons (LSP), increasing the local electric field. Since the ZMWs are
engraved in a continuous thin film, they also exhibit propagative surface plasmon polariton
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(SPP) characters218. However, isolated nanoparticles exhibit only LSP, which is typically
more intense than the LSP of a nanopore41. Therefore, nanoparticles exhibit more
significant fluorescence enhancement compared to nanopores35, 75. However, quenching of
single fluorophores is also reported for both nanoparticles235 and ZMWs236. Thus, the
magnitude of enhancement/quenching depends on several factors such as size and shape of
nanostructures35,

99, 235, 237

, the spatial location of the fluorophores with respect to the

nanostructure168, 237, intrinsic quantum yield of the fluorophore54, 67, and the experimental
setup utilized75, 236.
In these studies, we aimed to understand the fluorescence characteristics of the single
fluorophores in a ZMW hole with the presence of a nanoparticle. We took advantage of the
relative suitability in size and shape of these two classical types of nanostructures. A
sphere-shaped gold nanoparticle of 100 nm in diameter is covalently bound on the glass
bottom of a round-shaped gold ZMW hole having 200 nm in diameter. A single fluorophore
is covalently attached at the gap between the ZMW wall and the nanoparticle surface. One
of the significant advantages of this experimental setup is that the confinement created by
the ZMW wall will ensure the fluorophore positioning within the surface plasmon depth of
the two nanostructures more likely. Otherwise, a random positioning of the single
fluorophores around the nanoparticles cannot always guarantee the positioning of the
fluorophores within the surface plasmon depth of the nanoparticle, and there will be no
plasmonic effect. We compared the combined effect of the nanoparticle and nanohole on
the fluorescence characters of the single fluorophores with the single fluorophores when
bound in ZMW holes and around a single AuNP. We used single ATTO 647N molecules
as a probe. As expected, we have observed a more significant enhancement in fluorescence

135

intensity in the case of combined nanostructures (AuNP+AuZMW) compared to AuZMWs
only or nearby AuNPs. The average fluorescence intensity enhancement in
AuNP+AuZMW was found to be twelvefold, with a maximum of one hundredfold. In
contrast, the enhancement values are approximately threefold and twofold for single
fluorophores in AuZMW only and nearby the AuNPs, respectively. We also observed a
significant improvement in the photostability of the single fluorophores in the
nanostructure combinations. Combining the gain in both fluorescence intensity and
photostability, we have found a considerable enhancement in total detected photons which
is ~ 13-fold for the single fluorophores in the nanostructure combo relative to ~ 3 and ~
0.7-fold enhancement for the lone AuZMWs and AuNPs, respectively. The fluorescence
lifetime of the single fluorophores is decreased in all nanostructures, indicating
enhancement of the decay rates. We have also calculated the excitation and emission side
enhancement contributing to the overall fluorescence intensity enhancement and found that
excitation side enhancement is the more significant player relative to the emission side.
Although few similar studies were reported98, 238 where the nanostructure combinations
were used to study the single-molecule fluorescence, those nanostructures require timeconsuming and sophisticated nanolithography techniques. In contrast, our approaches of
covalently binding the nanoparticles in ZMW holes are comparatively easy and
straightforward.

4.2

RESULTS AND DISCUSSION
We nanolithographically fabricated the AuZMWs using the published protocols63,

142, 212

. The dimension of fabricated ZMW holes includes an average diameter of 200nm

and 100nm in film depth. On the other hand, the AuNPs having an average diameter of 100
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nm were purchased commercially. The AuNPs were covalently bound on the APTES
passivated glass surface of AuZMWs. Subsequently, ATTO 647N molecules were also
allowed to bind in the gap created by the coupling of the AuNP inside an AuZMW (figure
4.1a). Single ATTO 647N molecules bind in the gap by coupling the -NHS ester group of
ATTO 647N-NHS ester to the primary amine (-NH2) group of the remnant APTES on the
glass floor of the gap.
For comparison, AuNPs were also immobilized on the APTES passivated glass using
the process described above. The single ATTO 647N molecules were bound around
AuNPs, in AZMWs, or on the glass surface using the similar covalent linkage between NHS ester group of ATTO 647N-NHS ester and the primary amine (-NH2) group of the
APTES passivated glass surface. The schematic for the immobilization AuNPs on glass
and ATTO 647N molecules nearby, single ATTO 647N molecules in AuZMWs, and the
single ATTO 647N molecules on glass are presented in figure 4.1b, figure 4.1c, and figure
4.1d, respectively. Single ATTO 647N molecules on a bare glass surface were used as a
reference.
We employed a custom-built confocal microscope to observe the photophysical
behavior of single fluorophore molecules at the vicinity of the plasmonic nanostructures.
To detect single fluorophores, a 30 µm x 30 µm - 50 µm x 50 µm area of the substrates
were raster-scanned using an x-y piezoelectric nano stage. Figure 4.2 (a-d) shows the
images of single fluorophore molecules on the glass surface, in AZMWs, nearby the
AuNPs, in the gap between AuZMW and AuNP, respectively. Excitation of the single
fluorophores with a focused confocal beam results in fluorescence emission, which is
recorded as the changes in fluorescence intensity with time. The fluorescence intensity time
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Figure 4. 1 (a) Schematic representation of the immobilization processes of gold
nanoparticles (AuNP) and ATTO 647N-NHS ester in AuZMWs, briefly glass bottom of
the AuZMWs were passivated with APTES, then 100nm AuNPs were incubated overnight.
Subsequently, ATTO 647N-NHS ester molecules were allowed to bound with the primary
amine (–NH2) group of APTES. (b) Immobilization of ATTO-647N molecules nearby the
AuNPs on the glass surface (c) Immobilization of the single ATTO 647N molecules in
AuZMWs (d) Immobilization of single ATTO 647N molecules on glass only.
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trace of a representative single fluorophore molecule in the case of all substrates is
presented in figure 4.2 (e-h). Single-step photobleaching of the molecules is the indication
of single fluorophore molecules under study63, 67. However, it is evident that the molecule
in the gap between AuNP and AuZMW exhibits more significant fluorescence intensity
and superior photostability (figure 4.2e) compared to the molecules in other substrates
(figure 4.2 (f-h)).
We calculated the average fluorescence intensity of ~100 single fluorophore
molecules in each substrate. Figure 4.3 (a-d) shows fluorescence intensity histogram of the
single ATTO 647N molecules on glass, in AuZMWs, nearby AuNPs, and in the gap
between AuNP and AuZMW, respectively. The average fluorescence intensity is found to
be 98 ± 10 counts/100ms, 266 ± 23 counts/100ms,192 ± 34 counts/100ms, 1201 ± 191
counts/100ms for the single molecules on glass, in AuZMW, nearby AuNPs, and in the gap
between AuZMW and AuNP, respectively. It is further evidence that fluorescence intensity
enhancement of single molecules in the gap is maximum, which is on average ~ 12-fold
compared to the molecules on glass reference. In contrast, the fluorescence intensity
enhancement factors are ~ 3-fold and ~ 2-fold for the single molecules in AuZMWs and
nearby the AuNPs, respectively (figure 4.3e). It is also evident from figure 4.3(b-d) that
the single fluorophores in the gap demonstrated as maximum as ~ 100-fold fluorescence
intensity enhancement. In contrast, the maximum enhancement factors are in the range of
12-15-fold for the single molecules in AuZMWs and nearby the AuNPs. Plasmon-induced
fluorescence intensity enhancement of single molecules nearby the nanostructures can
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Figure 4. 2 (a,e) Raster scanned image of the single ATTO 647N molecules on glass and
fluorescence intensity time trace of a representative single ATTO 647N molecule on glass.
(b,f) Raster scanned image of the single ATTO 647N molecules in AuZMWs and
fluorescence intensity time trace of a representative single ATTO 647N molecule in
AuZMWs (c,g) Raster scanned image of the single ATTO 647N molecules nearby AuNPs
and fluorescence intensity time trace of a representative single ATTO 647N molecule
nearby the AuNPs (d,f) Raster scanned image of the single ATTO 647N molecules in
proximity to an AuNP and AuZMWs and fluorescence intensity time trace of a
representative single ATTO 647N molecule in proximity to an AuNP and AuZMW.
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Figure 4. 3 (a) Fluorescence intensity distribution of single ATTO 647N molecules on glass
(b) Fluorescence intensity distribution of single ATTO 647N molecules in AuZMW (c)
Fluorescence intensity distribution of single ATTO 647N molecules nearby the AuNPs (d)
Fluorescence intensity distribution of single ATTO 647N molecules in proximity to an
AuNP and an AuZMW (e) Fold enhancement in fluorescence intensity of single ATTO
647N molecules proximity to the nanostructures, Fluorescence intensity is normalized with
regard to glass reference.

141

result from the combined effect of both excitation intensity and emission efficiency
enhancement33. Excitation intensity is enhanced due to an enhanced local electric field
resulting from the excitation of the surface plasmons. Increased excitation intensity reduces
the ground state residence time of an electron, making the ground state to excited state
transition faster, resulting in a higher probability of photon emission from the
fluorophore63. However, this process also makes the transition of electrons to the dark state
more probable and may potentially trigger early photobleaching of the molecules. Thus,
enhancement in excitation intensity only might result in increased fluorescence intensity
and, at the same time, reduce the photostability of the single molecules63.
On the other hand, coupling of excited state fluorophores with the surface plasmons
of the nanostructure has the potential for photostability improvement of the single
fluorophores. The basic phenomenon here includes the coupling of excited state
fluorophore with the surface plasmons that may result in energy transfer from the excited
state fluorophore to the metal surface, which can be re-radiated in far-field or absorbed by
the metal. Either way, new decay pathways introduce to the excited state fluorophores
decay processes. These additional decay rates might compete with the dark state transition
of the electron, leading to improved photostability of the single fluorophores63, 212. Thus,
the photostability of a molecule near a plasmonic nanostructure is the product of two
different phenomena where excitation intensity enhancement tends to reduce photostability
while the emission efficiency enhancement has the potential for photostability
improvement.
To observe whether excitation or emission side enhancement is preferable for the
ATTO 647N molecules in the vicinity of the nanostructures, we determined the
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photostability of the single molecules. The photostability is calculated by fitting the
photobleaching time of the single fluorophore molecules with a mono-exponential decay.
The time at which 66.7% of the molecules are photobleached is referred to as the effective
photostability of the single molecules. The photostability of the single ATTO 647N
molecules on glass was found to be 25.2 sec (figure 4.4a). In contrast, the photostability
values are 25.7 sec (figure 4.4b), 11.4 sec (figure 4.4c), and 40.6 sec (figure 4.4d) for the
molecules in AuZMW, nearby the AuNP, and in the gap between AuNP and AuZMW,
respectively. Thus, the photostability of the single molecules in the gap is maximum and
is increased by 60% compared to the molecules on the glass; the photostability of the
molecules in AuZMWs is found to be identical to glass but are reduced by 50% in the case
of molecules nearby the AuNPs. Increased fluorescence intensity with improved
photostability indicates both excitation and emission side enhancement for the molecules
in the gap area. However, enhanced fluorescence intensity with reduced photostability for
the molecules nearby the AuNPs refers to the superior contribution from the excitation
side. On the other hand, increased fluorescence intensity with unaltered photostability of
the molecules in AuZMWs hints at the directional enhancement. Typically, In the case of
directional enhancement, the emitted photons are directed towards a certain cone angle
instead of the isotropic emission of the photons at all angles in the absence of the
nanostructure70. However, a further study of the decay rates or total photon counts is
required to ensure directional enhancement. Single fluorophores in the gap exhibit a more
significant enhancement in fluorescence intensity and photostability, further evidenced by
the scatter plots of the fluorescence intensity VS photostability of single molecules in all
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Figure 4. 4 (a) Photostability of single ATTO 647N molecules on glass (b) photostability
of single ATTO 647N molecules in AuZMW (c) photostability of single ATTO 647N
molecules nearby the AuNPs (d) photostability of single ATTO 647N molecules in the gap
between an AuNP and an AuZMW. Photostability in each figure is calculated by
extrapolating the single exponential fitted decay curve of the photobleaching time of single
ATTO 647N molecules. Photostability represents the time span within which period 66.4%
of the single ATTO 647N molecules are photobleached.
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Figure 4. 5 (a) Scatter plot correlating the fluorescence intensity VS photobleaching time
of single ATTO 647N molecules in AuZMWs (Red diamond) and on glass (black square)
(b) Scatter plot correlating the fluorescence intensity VS photobleaching time of single
ATTO 647N molecules nearby the AuNPs (Red triangle) and on glass (black square) (c)
Scatter plot correlating the fluorescence intensity VS photobleaching time of single ATTO
647N molecules proximity to an AuNP and an AuZMW (Red circle) and on glass (black
square).
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substrates (figure 4.5(a-c)). Consequently, we wanted to observe the total gain from the
plasmon-influenced single fluorophores. We calculated the number of detected photons
from the single molecules in the case of all substrates. The number of detected photons is
estimated by multiplying the fluorescence intensity of each molecule with its
photobleaching time. The enhancement in total detected photons for the molecules in the
vicinity of all nanostructures is shown in figure 4.6. It is evident that the enhancement
factor is maximum for the molecules in the gap, and which is ~ 13-fold, whereas the
detected photons number is increased by ~3-fold in AuZMWs, and no significant change
in detected photons is observed for the molecules nearby the AuNPs. The more significant
enhancement in photon count further suggests the superior plasmonic effect of the
combination of AuZMW and AuNP compared to only AuZMWs or AuNPs.
As previously stated, a metal nanostructure in the vicinity of a single fluorophore
can potentially modify the decay rates. To examine the plasmon-mediated changes in decay
rates, we determined the fluorescence lifetime of the single fluorophore molecules near all
substrates. The fluorescence lifetime decay curve of a single fluorophore adjacent to all
four substrates is shown in figure 4.7a. We can see a clear difference in the decay curves.
The fluorophore molecule in the vicinity of nanostructures decays comparatively at a
shorter time scale than the molecule on glass. This shortening in fluorescence lifetime is
also reflected in the fluorescence life histogram of ~ 100 single fluorophore molecules on
glass (figure 4.7b), in AlZMWs (figure 4.7c), nearby the AuNPs (figure 4.7d), and in the
gap between AuZMW and AuNP (figure 4.7e). The average fluorescence lifetime of the
single molecules on glass was found to be 3.5 ± 0.8 ns. In contrast, fluorescence lifetime
values were 1.2 ± 0.6 ns, 3.0 ± 1.1 ns, and 1.9 ± 0.4 ns for the single molecules in AuZMWs,
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Figure 4. 6 Enhancement in the number of detected photons of single ATTO 647N
molecules proximity to the nanostructures. The enhancement value was normalized with
regard to the single ATTO 647N molecules on glass reference. (** indicates P < 0.05 and
** indicates P>0.05)
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nearby the AuNPs, and in the gap between an AuZMW and AuNP. Average fluorescence
lifetime values are summarized in figure 4.7f for better visualization. Thus, the
fluorescence lifetime of the single fluorophore molecules is reduced near all three
nanostructures suggesting increased decay rates of the excited fluorophore. Modified
fluorescence lifetime also indicates that the fluorophore molecules are located within the
surface plasmon-mediated electric field length of the nanostructures. However, the
enhanced decay rates might be radiative or non-radiative if the improved decay rates
originate from radiative pathways. In such a case, the quantum yield of the fluorophores
should be improved while the fluorescence should be quenched due to non-radiative decay
rate enhancement.
To further investigate the phenomenon, we quantified the relative contribution of
excitation and emission rates to the total fluorescence enhancement of single fluorophores
near the nanostructures.

As previously mentioned, plasmon-enhanced fluorescence

intensity enhancement (FI) of the fluorophore can be defined as the product of both
excitation intensity enhancement (exc) and emission rate enhancement (em). The relation
can be expressed as FI = (exc) (em)

Equation 4. 1

The magnitude of excitation intensity enhancement (exc) of a fluorophore close to a
plasmonic nanostructure is analogous to the local electric field enhancement nearby the
nanostructure.
We estimated the electric field distributions near all three nanostructures by solving
Maxwell equations using the finite-difference time-domain (FDTD) methods.
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Figure 4. 7 (a) Fluorescence lifetime decay curve of a single ATTO 647N molecule on
glass (black), in AuZMWs (red), nearby the AuNP (cyan), and in the gap between an AuNP
and an AuZMW (blue) (b) Fluorescence lifetime distribution of a population of single
ATTO 647N molecules on glass (c) Fluorescence lifetime distribution of a population of
single ATTO 647N molecules in AuZMW (d) Fluorescence lifetime distribution of a
population of single ATTO 647N molecules nearby the AuNP (e) Fluorescence lifetime
distribution of a population of single ATTO 647N molecules in the gap between an AuNP
and an AuZMW (f) Average fluorescence lifetime of the ATTO 647N molecules in the
case of all substrates.
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Figure 4.8 (a-c) shows the distributions of near electric field enhancement values in an
AuZMW (figure 4.8a), around an AuNP (figure 4.8b), and in the gap between AuZMW
and AuNP (figure 4.8c). The color scales indicate the magnitude of enhancement. The
enhancement factors for all three nanostructures are calculated by normalizing with the
field intensity created on the bare glass surface. It can be observed that the field
enhancement nearby the AuNP (figure 4.8b) is more significant compared to the field
enhancement in the AuZMW (figure 4.8a), which is an indication of the stronger LSP
excitation in nanoparticles than the nanopores.
Another striking observation commonly manifesting in both AuNP and AuZMW
is that field intensity is maximum at very close to the metal surface. The field intensity
decreases with increased distance from the metal surface, and as such, fluorophores
residing close to the metal surfaces of the AuZMWs or AuNPs should experience relatively
higher excitation intensity, but the intensity should diminish with increasing distance
between the metal surface and the fluorophore. Thus, it can be inferred that fluorophore
molecules locating outside the electric field length41 (maximum length a nanostructure
exhibits plasmonic effect) will not have any plasmonic influence. To reiterate, the depth of
the electric fields that create around the nanoparticles depends on their size and shape, and
roughly the field depth is equal to the diameter of the nanoparticle41. We can see a similar
electric field depth of ~ 100 nm for the AuNP, having 100 nm in diameter (figure 4.8b).
Thus, fluorophores locating more than 100 nm off the AuNPs should be unaffected by the
plasmonic effect.
Similarly, fluorophore molecules positioning around the center of the AuZMW
(200 nm in diameter) should not experience the plasmonic effect because the center of a
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Figure 4. 8 (a) Near electric field distribution inside an AuZMW (b) Near electric field
distribution nearby the AuNP (c) Near electric field distribution inside an AuZMW with
the presence of an AuNP. The near electric field distribution for all nanostructures was
calculated by FDTD using 640 nm excitation wavelength. The magnitude of enhancement
in the near field was estimated by normalizing with the glass control. The color bar
represents the near electric field enhancement which was drawn in logarithmic scale.
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round shape ZMW is the furthest distance from the metal wall. Thus, molecules around the
center are more likely similar to the molecules on the glass84. However, the gap created by
confining a100 nm AuNP inside an AuZMW of 200nm in diameter (figure 4.8c) should
not have this distance-related issue, because in extreme cases, the gap diameter might be
as large as 100 nm, i.e., the gap size will be in the range of 0-100 nm which is within the
electric field depth of the AuNP. Additionally, as the gap comprises electric fields from
both AuNP and the AuZMW. Thus, the average field intensity within the gap should be
higher than the average field intensity in AuZMW or around an AuNP, which is reflected
in figure 4.8(a-c). As a result, it is improbable that a fluorophore molecule coupled into
the gap will be devoid of plasmonic effect; moreover, the excitation intensity enhancement
of molecules should be more significant than the molecules in AuZMW or nearby the
AuNP.
Thus, a more significant enhancement in electric field intensity and more likely
placement of the molecules within the electric field depth might be the most probable
reason for greater fluorescence intensity of the molecules in the gap between AuNP and
the AuZMW (figure 4.4d). However, the role of emission side enhancement (em) to the
increased fluorescence intensity (FI) is complementary to excitation intensity
enhancement. Emission rate enhancement is the product of both improvements in the
quantum yield of the fluorophore and changes in the directionality of the photons towards
the detectors. By averaging the electric field enhancement values in figures 4.8(a-c), we
found the exc of 2.2-fold, 6.5-fold, and 10-fold for the single fluorophores in AuZMW,
around AuNP, and in the gap between AuNP and AuZMW, respectively. Plugging in the
exc values in equation-4.1, em values are found to be 1.2, 0.3, and 1.2 for the single
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molecules in AuZMWs, nearby the AuNPs, and in the gap between AuNP and AuZMWs,
respectively. Thus, we can observe a slight emission gain for the molecules in the gap and
AuZMWs. Conversely, the emission side is quenched for the molecules nearby the AuNPs.
Now the question arises, is the gain in the emission side arise from the improved quantum
yield or the directionality of the photons?

From the quantum yield standpoint,

improvement is unlikely because ATTO 647N, which we used in this study, has a high
intrinsic quantum yield (~ 0.6); thus, there is less room for further improvement. Therefore,
we can anticipate that emission gain is potentially stemmed from the directional alteration
of the emitted photons. Several published articles have also reported a directional gain of
the single fluorophores in ZMWs75, 217. The relative contribution of excitation and emission
processes involved in total enhancement in the fluorescence intensity of the single
fluorophores near the nanostructures are presented in figure 4.9.

4.3

CONCLUSION

In conclusion, we studied the combined effect of two classical nanostructures, AuNP and
AuZMW, on single-molecule fluorescence. The fluorescence intensity of single ATTO
647N molecules is more significantly enhanced in the nanostructure combinations than
AuZMW or AuNP individually. The enhancement factor was found to be ~ 12-fold for the
single molecules near the AuNP and AuZMW combination. In contrast, fluorescence
intensity was enhanced by only 3-fold and 2-fold for the molecules in AuZMWs and near
the AuNPs, respectively. We also observed a ~ 60% increase in photostability for the
molecules in the combined nanostructure. In comparison, the photostability of the
molecules reduced by 50% near the AuNPs, and no significant change in photostability
was found for the molecules in AuZMWs. Considering the gain in fluorescence intensity
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Figure 4. 9 Excitation and emission side contribution to the total fluorescence intensity
enhancement for the single ATTO 647N molecules nearby the nanostructures. Total
fluorescence intensity enhancement is represented as orange bars, whereas green and
purple bars denote the excitation side enhancement estimated by FDTD and the calculated
emission side enhancement, respectively.
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and photostability, the number of detected photons was also significantly higher in the
nanostructure combination than AuZMW or AuNP separately. The fluorescence lifetime
of the single molecules also reduced in all nanostructures, indicating faster decay rates. An
FDTD based calculation has shown that relatively more significant electric field
enhancement near the nanostructure combination might be the potential reason for more
substantial enhancement in fluorescence intensity.

4.4
4.4.1

EXPERIMENTALS
Nanofabrication of AuZMWs
We fabricated the AuZMWs utilizing published protocols63,

142, 212, 232

, and a

detailed procedure for the fabrication can be found in section 2.3.1 (Nanofabrication of
ZMWs) of this document.
4.4.2

Single fluorophore binding on glass
Clean glass coverslips were glued with a petri-dish using UV-lamp. Subsequently,

glasses were coated with a thin APTES layer by adding  300 l of 3% (v/v) APTES in
95% Ethanol. The APTES solution was allowed to bind for 30 minutes. After rinsing off
the unbound APTES with ethanol, we added ATTO 647-NHS ester in carbonate buffer pH
8.5 at 1 pM concentration on the APTES coated glass and allowed it to bind for 10 minutes.
Unbound fluorophore molecules were removed by rinsing with PBS buffer pH 7.5.
4.4.3

Single fluorophore binding in AuZMWs
AuZMWs were cleaned by rinsing with ethanol and DI water and by subsequent

plasma treatment for 5 minutes. The binding process of the ATTO 647N molecules in
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ZMWs is almost identical to the coupling of the molecules on glass, except a coating layer
of m-PEG-SH was applied on metal walls of the ZMWs, which acts as a protective layer
to prevent non-specific binding of the fluorophores on the metal wall. Briefly, ~ 300 l of
100 nM m-PEG-SH in 95% ethanol was added on ZMWs and was allowed to bind
overnight. After rinsing off the unbound m-PEG-SH by ethanol the next day, we coated
the glass bottom of the ZMWs using 3% APTES in 95% Ethanol for 30 minutes.
Subsequently, ATTO 647N molecules were bound in the ZMWs by allowing a 1nM ATTO
647N-NHS ester solution to bind for ~ 10 minutes. Unbound ATTO 647N-NHS ester
molecules were rinsed off using PBS buffer solution.
4.4.4

Single fluorophore binding around AuNPs
Commercially available AuNPs having a diameter of 100 nm were bound on glass.

The binding process is straightforward. The AuNPs diluted 10 times in DI water were
allowed to bind overnight on an APTES coated glass coverslip. APTES coating of the glass
coverslips was similar to those mentioned above. On a subsequent day, after brief rinsing
with DI water, single fluorophores were bound around the AuNPs by allowing 1 pM ATTO
647N -NHS in carbonate buffer pH 8.5 solution for 10 minutes.
4.4.5

Single fluorophore binding in the gap between AuNP and AuZMWs
The binding process of AuNPs on the glass bottom of AuZMWs was almost

identical to the coupling of AuNPs on bare glass coverslips. AuNPs diluted by 10 times in
DI water were allowed to bind on the APTES coated glass bottom of the AuZMW
overnight. After brief rinsing with DI water, ATTO 647N molecules were also bound in
the gap created by the placement of an AuNP in AuZMW. The binding process was similar
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to the case of other nanostructures. Briefly, a 1nM ATTO 647N-NHS ester solution was
added in AuZMWs containing an AuNP and allowed to bind for 10 minutes. NHS ester
group of the ATTO 647N-NHS ester should covalently bind with the primary amine (NH2) group of the APTES coated glass.
4.4.6

Data acquisition for single-molecule imaging
We employed a custom-built confocal microscope (Olympus IX 83) for imaging

single fluorophore molecules. An X-Y piezoelectric nano stage (Mad city labs) was used
to image a 30 m x 30 m – 50 m x 50 m area of each substrate to locate the single
fluorophores. A 640 nm CW laser prefiltered through a 640/10x filter was then focused on
the sample using an oil immersion objective (Olympus 60X, 1.45NA). Upon excitation of
the single fluorophores, the resulted fluorescence emission was focused on a 100m
pinhole using suitable dichroic mirrors. The Dichroic mirror clears off the backscattered
excitation lights from the emission; on the other hand, the pinhole removes the emissions
in the out-of-focus plane. Subsequently, the emission light was focused on the APD,
prefiltering through a 673 ± 20 nm emission filter. The emissions detected in APD were
then counted at single-photon resolution by using TCSPC (picoharp 300). However, a 640
nm pulsed laser from a supercontinuum extreme laser source was used for the lifetime
measurement of the single fluorophores. The repetition rate of the pulsed laser was 80
MHz, but the other optical setup was identical to the CW laser. Data acquisition for all
single-molecule studies was performed using symphotime 64 software (picoquant).
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4.4.7

Data analysis
All-time traces and associated fluorescence intensity and photobleaching time of

the single fluorophores were analyzed using a home-built Matlab code. The fluorescence
lifetime of each fluorophore was calculated using a tail fitting of the fluorescence lifetime
curves. All figures/graphs were constructed using origin pro-8. Average fluorescence
intensity and total detected photon counts were reported as mean ± SEM, whereas average
fluorescence lifetime was reported as mean ± SD.
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FINAL CONCLUSION
Understanding the effects of ZMW plasmons on fluorescent probes is crucial for the
practical characterization of the photophysical and optical behaviors of a range of
commonly used single fluorophores in various ZMWs. The ultimate goal of these studies
was to explore the appropriate ZMW-fluorophore combinations exhibiting the maximum
fluorescence enhancement. We also manipulated the physical structure of ZMWs to
combine them with other nanostructures (nanoparticles) so that the combination can
potentially induce more significant fluorescence enhancement than the individual
nanostructures. We employed multidisciplinary approaches covering nanofabrication,
confocal microscopy, single-photon counting, and FDTD simulations to execute the
plasmon-mediated single-molecule fluorescence studies in ZMWs.
The second chapter of the dissertation illustrates the plasmonic effects of five different
ZMWs on several single fluorophores, e.g., ATTO 550, ATTO 590, ATTO 610, and ATTO
647N, which emit within the visible spectrum. By immobilizing the fluorophores in each
ZMW, we observed that each fluorophore exhibits a diverse level of fluorescence intensity
in different ZMWs, which most likely results from a distinct degree of harmonization
between the SPR of ZMWs and the absorption and emission spectrum of the fluorophores.
However, the fluorophores show a trend in maximum fluorescence enhancement factors
across the ZMWs, where single fluorophores emitting primarily in the greenish-yellow
region (ATTO 550) exhibits maximum fluorescence enhancement in AlZMWs. In contrast,
AuZMWs induce maximum fluorescence enhancement in red/NIR emitting fluorophores
(ATTO 647N) which is in close agreement with previously published reports63,

75

.

Interestingly, single fluorophores emitting in between green and red, e.g., yellow (ATTO

590) and orange (ATTO 610), demonstrate maximum fluorescence enhancement in mixed
metal ZMWs composed of the mixture of Al and Au at the ratio of 25:75 and 75:25,
respectively. These results suggest that ZMWs rich in Al content better suit the
fluorophores emitting at comparatively higher energy. However, with increasing the Au
content, ZMWs become more suitable for the fluorophores emitting at lower energy.
Alternatively, it can be inferred that the SPR of the ZMWs red shifts with increasing Au
content. Therefore, optimizing the ratio of two metals might make it possible to tune the
SPR of ZMWs to match the diverse range of fluorophores. While adjusting the SPR of
metal nanoparticles has been performed by combining two different metals172, 174, we, for
the first time, have proven that phenomenon for ZMWs. By measuring the photostability
and fluorescence lifetime of the single fluorophores in ZMWs, we found that the
fluorescence intensity of fluorophores was primarily enhanced by improvement in both
excitation rate and decay rate. The findings of this project should offer meaningful insight
into choosing the suitable ZMW-fluorophore combination for single-molecule imaging.
The third section of the dissertation describes the plasmon-controlled alterations in the
photophysical and optical properties of single quantum dots (QDs) in ZMWs. For the first
time, we performed an exhaustive characterization of the single QDs in AlZMWs in the
light of changes in their photoluminescence (PL) intensity, blinking dynamics, PL lifetime,
and biexciton emission behaviors. We observed that the PL intensity of the single QDs in
ZMWs is increased by ~ 2.5 times which should be beneficial for single-molecule imaging
with an improved signal-to-noise ratio. Simulation studies of the near electric field
enhancement in ZMWs reveal that the improved excitation rate of single QDs plays a
significant role in their PL intensity enhancement. In addition, the PL lifetime of the single
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QDs is significantly reduced, indicating improved decay rates, which likely causes a
substantial suppression in their intrinsic blinking. The new decay pathways that are created
due to the interaction of single QDs with ZMWs can compete with the decay routes
responsible for inducing blinking in the single QDs. Reduction in blinking should make
the QDs a suitable candidate as a single-photon source. Another noteworthy finding of this
study is that biexciton quantum yield (BXQY) of the single QDs is substantially improved
in ZMWs, which is ~ 15-fold; one of the best gains among the nanostructures studied so
far. A strong coupling between the biexcitons of single QDs and the multipole plasmon
modes of the ZMWs likely to be responsible for that massive enhancement in BXQY.
Improved BXQY is desirable in the application areas which require high optical gain, such
as lasers. In addition, the two photons emitting during the biexciton – exciton cascades can
be entangled to apply for quantum cryptography. The overall findings of this project open
up possibilities for the ZMWs to be used in crucial fields outside biomolecular research.
The final chapter of the dissertation explains the combined effect of AuZMW and
AuNP on single-molecule fluorescence. The primary outcome of this project is to extend
the fluorescence enhancement capacity of a typical AuZMW by coupling it with an AuNP.
By placing the single ATTO 647N molecules in the gap between the AuZMW and AuNP,
we observed ~ 12 -fold enhancement in fluorescence intensity. In contrast, enhancement
factors are ~ 3-fold and ~ 2-fold for the molecules in AuZMWs and around the AuNPs,
respectively. This substantial enhancement in fluorescence intensity in the gap compared
to AuZMW/AuNP individually, leading to a better signal-to-noise ratio, should make the
nanostructure combinations a better candidate for single-molecule imaging. Comparing the
near electric field distributions shows that field intensity in the gap is substantially greater
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than individual AuZMW/AuNP, inducing a greater excitation rate in the single
fluorophores coupled in the gap. Another critical factor causing greater fluorescence
enhancement in the gap is that the confinement created around the AuNP by the AuZMW
ensures the molecules remain within the electric field length, which is improbable for the
molecules randomly placed around the AuNPs or the center of the AuZMWs. In addition,
we observed a significant enhancement in the photostability of the single molecules in the
gap, which is especially important for fluorophores with limited photostability. Although
some other studies also engineered the ZMW structures to improve their plasmonic effects,
they require sophisticated lithographic techniques to apply, which costs time and money.
In contrast, our approaches to covalently couple nanoparticles in the ZMWs are simple and
straightforward.
The next decade will most likely witness the development of personalized DNA
sequencing and increases in individualized medicine. The development of a high
throughput DNA sequencing method having greater accuracy and minimal processing cost
is desirable to move towards those goals. ZMWs have shown great promise in DNA
sequencing by exploiting activities of a single polymerase enzyme molecule using four
distinct fluorophores labeled nucleotides15. Our studies regarding single-molecule
fluorescence enhancement in ZMWs can be utilized as a guide in choosing fluorophoreZMW combinations ensuring maximum fluorescence enhancement of the fluorophore.
Enhanced fluorescence intensity should lead to a better signal-to-noise ratio, which might
aid future development and optimization of DNA sequencing in ZMWs. In addition,
understanding cellular activities at a single-molecule level like protein-protein or proteinligand interactions or structural dynamics of single biomolecules is crucial for designing
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therapeutic options for complex and chronic pathological conditions such as cancer,
diabetes, or Alzheimer. ZMWs have exhibited great potential to investigate those cellular
interactions at the single-molecule level due to their capabilities of extremely low
observation volume confinement and plasmon-enhanced fluorescence enhancement.
Single-molecule studies in ZMWs are typically based on fluorescence measurements
because they are primarily non-invasive and do not alter the native state of the molecules.
Thus, a thorough investigation of the fluorescence characteristics of a series of
fluorophores in a range of ZMW types throughout my different projects should provide
helpful insight on mapping the fluorophore-ZMW combinations for studying cellular
interactions at the single-molecule level. Although I studied the commonly used organic
dyes (different ATTO dyes) and single QDs in ZMWs, observing the fluorescence
properties of fluorescent proteins such as GFP, YFP, or RFP in ZMWs might be an
interesting topic for my research endeavors because these highly specific fluorescent tags
are in good demand for studying cellular activities. In addition to that, FRET (Forster
Resonance Energy Transfer) is a powerful technique to accurately track the structural
changes of single biomolecules. This technique is also termed molecular ruler due to its
ability to precisely measure the nanoscale distances239. However, FRET is restricted to a
maximum of 10 nm distance because the energy transfer rate between two fluorophores
beyond that limit is very low240. ZMWs having the known ability to enhance the
fluorescence intensity of a range of fluorophores hold great potential to increase the energy
transfer rate between the FRET pairs, extending the FRET limit beyond the 10 nm range.
Observing the FRET rate and efficiency of single molecules bound inside the ZMWs might
be a stimulating subject for my future research. Apart from the utility of ZMWs in
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biomolecular studies, our findings from the project that focused on single QDs in ZMWs
might unlock the potential usefulness of ZMWs in a variety of crucial fields. For instance,
a significant enhancement in BXQY of single QDs in ZMWs can potentially be used in
non-linear optics, (e.g., lasers). In addition, the multiexciton generation (MEG)
phenomenon can get a potential application in photovoltaics. More importantly, increased
BXQY of single QDs, meaning two-photon emissions at a time, is a desirable property in
quantum communication. Quantum computing is most likely going to bring a paradigm
shift in communication technology. While classical computers use electrical pulses as bits
(functional units), quantum computers (QCs) utilize photons as functional units; qbits.
However, QCs require entangled photons where quantum states of both photons will be
identical. Although biexciton emission from the single QDs in ZMWs have the potential
that those photon pairs are entangled, series of future testing is required to ensure that
quantum states of the photon pairs are the same. Examining whether the photon pairs
emitted from single QDs in ZMWs are entangled or not might be an exciting topic of my
upcoming research. Thus, lots of questions still need to be answered, or numerous
adjustments need to be made in the light of high throughput nanofabrication of ZMWs,
their surface passivation, characterizing fluorescent probes in the ZMW holes, or
development of suitable microscopes for imaging single molecules in ZMWs. Studies
performed throughout this dissertation consisting of a comprehensive characterization of
numerous single fluorophores in ZMWs of different metallic compositions should provide
a valuable resource to the pool of knowledge regarding ZMWs.
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